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Abstract
The motivation of this thesis is not only to unravel the development of multi-object
integral-field spectroscopy in optical astronomy, but also to address its observational
impact on current and pervading theories of galaxy evolution: in particular, star for-
mation in the local Universe.
Classically, spectroscopic observations for galaxy evolution studies in the context of
optical astronomy had two modes: (1) multi-object spectroscopy: observe N galaxies
with a single aperture on each galaxy, or (2) integral-field spectroscopy: observe a sin-
gle galaxy with a monolithic 2D array of spatially distributed apertures. Although the
first mode is quick to build statistically large samples of galaxies (millions), having a
single aperture measurement of fixed size introduces biases when observing galaxies
that overfill the aperture (either too close or too large). To reduce the effect of these
biases pervading through galaxy evolution models, elaborate schemes have been de-
veloped to predict the galaxy properties outside of the aperture using other observa-
tional data (so called "aperture corrections"). However, inherent observational biases
mean that understanding the errors on the assumptions that go into these aperture cor-
rections is essential to the fidelity of galaxy evolution theory. The second mode of
observation is designed to eliminate / minimise these biases by obtaining spatially re-
solved spectroscopy over the entire galaxy. However, the time and cost taken to build
up statistically significant samples of galaxies with current instrumentation limits this
mode to observing a few hundred in a survey lifetime.
Enter the third mode of observation: multi-object integral-field spectroscopy. This
mode takes the N available apertures, and divides them into multiple smaller 2D ar-
rays to obtain integral-field spectroscopy of tens of galaxies at once. A prime instru-
ment of this observational mode is the Sydney-AAO Multi-object Integral-field spec-
trograph (SAMI), developed at the University of Sydney and the Australian Astro-
nomical Observatory with first light on the 3:9m Anglo-Australian Telescope (AAT)
in July 2011. The SAMI Galaxy Survey started in 2013, and now provides the largest
integral-field spectroscopic sample of nearby galaxies across a broad range in stellar
mass and environment. These data have for the first time been used to vigorously test
the two most popular aperture corrections for calculating a galaxy’s star formation
rate. The results of this quantitative and qualitative analysis reveal significant biases
that arise in different populations of galaxies. It is then imperative for astronomers to
carefully investigate any possible bias due to their target selections.
A clear example of where a single aperture misses important information is shown
in the SAMI observation of GAMA J141103:98-003242:3, where an intense off-centred
star forming region was discovered. This dwarf-galaxy is remarkably similar to the
Large Magellanic Cloud and the 30 Doradus system, differing only in its isolation.
The detection of a substantial H I reservoir, a stable velocity field, and the H II com-
plex being 0:2 dex lower in metallicity than the rest of the galaxy, strengthens the case
of stochastic star formation. This type of process is analogous to more massive galax-
ies at higher redshifts that are undergoing a phase of extreme star formation activity
("clump-clusters"). Understanding the role of these dwarf galaxies, and tying them
together with their higher redshift counterparts helps constrain the low-mass end of
galaxy evolution models.
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The invaluable data from SAMI hasn’t been possible without innovation in astronom-
ical instrumentation. In order to relax constraints on the survey target selection and
observational strategy, a new guiding system was developed, utilising new imaging
bundles made from polymer. These bundles are 1:5mm in diameter with 7095 cores,
and have the ability to translate a spatially coherent image. Although polymer has
a much higher attenuation than silica, manufacturing constraints on the filling factor
of silica imaging bundles results in polymer based imaging bundles being more ef-
ficient over short lengths (< 4m). To validate their functionality as field acquisition
and guide probes in SAMI, laboratory characterisation was undertaken that revealed
their possible use in other multi-object astronomical applications such as: wavefront
sensing, narrow-band imaging, aperture masking, and speckle imaging.
Further advancement in the field of multi-object integral-field spectroscopy is already
underway with other world leading telescopes taking up the charge, but also with
sights to SAMI’s successor on the AAT. Improved data quality and two orders of
magnitude more galaxies will open up the path of galaxy evolution by studying the
effects of large scale environmental structure and accretion histories of individual
galaxies within statistically significant populations.
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1 | Introduction
1.1 Optical spectroscopy in astronomy
Our understanding of galaxy evolution over cosmic time progresses with each new observational
technique. The ability to observe the optical spectrum of a galaxy opens up many parameter
spaces not detectable with broadband imaging, such as accurate redshifts (distances), rotational
and dispersion velocities, ionisation processes (e.g. star formation), dust quantities, and stellar
ages, metallicities and populations. In addition to the underlying continuum, all of these galaxy
properties heavily rely on knowing the location, strength and shape of atomic features of which
many can be found throughout the optical spectrum.
There are three dominant degeneracies in the colour information obtained with broadband
imaging that can be resolved with spectroscopy: dust, stellar age, and metallicity. Dust within
a galaxy can dramatically affect its apparent colour in attenuating the blue light more than the
red light, and therefore make the galaxy appear redder than the true combination of underlying
starlight. Fortunately the Ha and Hb hydrogen Balmer atomic lines appear in the red and blue
parts of the optical spectrum respectively. This means that the strength of the dust attenuation
can be measured from taking the ratio of line strengths (Ha / Hb ). This is known as the Balmer
Decrement, and works by assuming that the ratio of Ha to Hb should be 2:86, as fixed by atomic
transitions (Calzetti, 2001; Dopita & Sutherland, 2003). The stellar age can be found by fitting the
overall optical spectrum with observed or theoretical stellar templates, revealing the underlying
stellar populations. The metallicity is traditionally found by measuring a range of different atomic
line strengths throughout the optical spectrum, known as the Lick indices (Burstein et al., 1984;
Faber et al., 1985; Worthey, 1994; Thomas, Maraston & Bender, 2003). In recent years however,
it has increasingly become possible to obtain reliable metallicities from the stellar template fit-
ting alone due to improvements in flux calibration, stellar atmospheric models and the coverage
completeness of stellar isochrones (Falcón-Barroso et al., 2011; Chen et al., 2014).
The rate at which a galaxy is converting cool molecular gas into stars (star formation rate), is
an essential piece to the puzzle in galaxy evolution. In the optical passband, the most prominent
atomic line to measure the star formation rate is the Ha emission line. This line exists not as direct
emission from the new stars, but rather from the surrounding hydrogen gas that they photo-ionise
after their formation (Schmidt, 1959). The star formation rate (in solar masses per year) is then
equated by normalising the Ha luminosity by the luminosity that would be measured from a year’s
worth of ionisation from a solar like star, typically 1:27 1034W as given by Kennicutt (1998).
This rate depends on the assumed mass distribution of stars that form from typical molecular
clouds (initial mass function; IMF), which in this case is the Salpeter (1955) IMF, although other
popular IMFs are Miller & Scalo (1979); Kroupa (2001); Chabrier (2003). Different IMFs can
varying up to a factor of a few, which means that the star formation rates from different studies
can also systematically vary up to a factor of a few (Gunawardhana et al., 2011).
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Figure 1.1: Baldwin, Phillips & Terlevich (1981) diagnostic diagrams for SDSS DR7 galaxies adapted from Kewley
et al. (2006). (a) the [N II] l6583/Ha verses [O III] l5007/Hb diagnostic with the empirical and theoretical lines of
Kewley et al. (2001); Kauffmann et al. (2003b); Schawinski et al. (2007) shown as the solid red, black dashed and
solid blue lines respectively. (b) the [S II] l6717,6731/Ha verses [O III] l5007/Hb diagnostic. (c) the [O I] l6300/Ha
verses [O III] l5007/Hb diagnostic. SF: star formation, AGN: active galactic nuclei, LINER: low ionisation nuclear
emission region, Comp: composite.
Comparing the strengths of various ionised and excited atomic lines throughout the optical
spectrum is useful in understanding the ionisation mechanism at play. There are four primary
causes of ionisation in galaxies: photo-ionisation from star formation (SF), shocks from starburst
driven winds and active galactic nuclei (AGN) and low ionisation nuclear emission regions (LIN-
ERs). Using the line strength ratios of [O III] l5007/Hb and [N II] l6583/Ha , it is possible to
distinguish which mechanism is dominant. The diagnostic is called a Baldwin, Phillips & Ter-
levich (1981) diagram, and an example of one is given in Figure 1.1. Here the use of empirical
and theoretical cutoffs classify the data into SF, AGN or LINER (Kewley et al., 2001; Kauffmann
et al., 2003b; Schawinski et al., 2007). There are other line ratios that can be used to achieve these
classifications, however the [O III] l5007/Hb and [N II] l6583/Ha lines are normally the easiest
to detect (Kewley et al., 2006). Starburst driven winds require more effort to classify as they tend
to appear mostly in the "composite" region between star formation and AGN. The dispersions
of the emission lines, and shock models traced on the BPT diagrams can be used to distinguish
ionisation due to starburst driven winds from that due to AGN (Rich, Kewley & Dopita, 2011).
1.1.1 Multi-object Spectroscopy
Larger samples of galaxies can help resolve the degeneracies between physical parameters by
subdividing samples into distributions of key parameters such as stellar mass, redshift and star
formation rate, while maintaining sufficient statistical precision. The earliest forms of multi-object
spectroscopy were performed by dispersing the entire image plane with a prism (see review by
MacConnell, 1995). This proved difficult for observing galaxies as not only would the spectra from
different regions of a galaxy or other sources overlap, but the dispersion of the background sky
would also overlap, contaminating the galaxy spectra and reducing the signal-to-noise. To mitigate
these issues, slit masks were designed to go at the focal plane with each slit located over a source
(see review by Ellis & Parry, 1988). This provided a clean solution to the overlapping spectra
(particularly the sky contamination), but it greatly limited the number of observable objects and
made the target selection much more difficult due to limited flexibility of the slit positions. Fibre
optics could overcome this issue in flexibility and so were adopted into multi-object spectroscopy
early on in their development (Hill, 1988). Being able to reformat the locations of optical fibres to
anywhere on the focal plane, but still retain the same slit shape at the entrance to the spectrograph
2
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Figure 1.2: An example of aperture effects using a galaxy from the SAMI Galaxy Survey (GAMA ID: 485924). (left)
A 3 arcsec diameter fibre (SDSS) probing only the centre of the galaxy. (middle) A SAMI hexabundle probing the
same galaxy. (right) The SAMI Ha map of the same galaxy demonstrating just how much information a single aperture
misses, noting the star forming region in the lower-left part of the galaxy. The 3-colour images are thumbnails from
SDSS imaging on the same pixel scale as SAMI. Each image is 2525 arcsec with 0:5 arcsec pixels.
was revolutionary in the large spectroscopic surveys that followed. The largest surveys to observe
galaxies and stars that came out of this technological shift are 6dfGS, RAVE, 2dfGS, SDSS and
GAMA (Jones et al., 2004; Kordopatis et al., 2013; Colless et al., 2001; Abazajian et al., 2009;
Driver et al., 2011).
Using fibre optics in multi-object spectroscopy has become the standard, although the technol-
ogy to position the many hundreds or thousands of fibres across the field plate remains in constant
development. Apart from rare positioning systems such as FLAIR that glued fibres to the back of
photographic plate negatives that were taken on the same telescope (Watson, 1988; Watson et al.,
1993), the standard methods use plug-plates or pick-and-place robots. These methods are used
in the SDSS and 2df instruments respectively (Smee et al., 2013; Lewis et al., 2002a). SDSS is
one of the last remaining large-scale survey instruments to use plug-plate technologies, with all
future instruments adopting some form of robotic positioning. The pick-and-place technique has
a limitation with field reconfiguration times (& 30mins), due to the overlapping nature of fibres
on the focal plane. Other robotic positioners include the R-Theta, Theta-Phi and Echidna tech-
nologies (Schenk et al., 2012; Haeuser et al., 2014; Gillingham et al., 2000). These positioners are
designed to maximise the number of fibres on the focal plane (& 1000). Each fibre has its own
positioner with a patrol radius such that neighbouring fibres can be positioned as close as possible.
The latest positioning technology is the Starbug system (Gilbert et al., 2012; Brown et al., 2014).
Starbugs use two piezo-ceramic cylinders (inner and outer tubes) to independently "shuffle" across
the focal plane at a rate of a few millimetres per second, yet achieve a positional accuracy of a few
microns when used with a closed loop metrology system. They are held to a glass field plate by
vacuum and can carry a range of payloads from single fibre optics to larger fibre bundles. The
first instrument to use Starbugs is TAIPAN on the UKST (Kuehn et al., 2014), with 150 Starbugs
deployed to survey a million galaxies and stars over four years.
The use of fibre optics for multi-object spectroscopy has certainly provided astronomers with
the widest dataset possible, although it doesn’t come without its pitfalls. For galaxies ever larger
in angular size, the fixed aperture of a fibre optic samples less and less of a galaxy, only focussing
on its most central regions and leading to an under-representation of the total galaxy properties.
This aperture effect is a significant issue in galaxy evolution (Kewley, Jansen & Geller, 2005),
and its implications for star formation rates in the local Universe are detailed in Chapter 2 of this
thesis. Figure 1.2 provides an example of this aperture effect.
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1.1.2 Integral-field spectroscopy
This aperture effect can be reduced / eliminated by obtaining spatially resolved spectroscopy of
a galaxy. In optical astronomy the process of obtaining a 3D data cube of a galaxy (two spatial
dimensions: x;y and one spectral dimension: z) is called integral-field spectroscopy. There are a
variety of methods employed to obtain a data cube, with the most fundamental being hyperspectral
imaging. In this method, multiple images are taken of the galaxy with different narrowband filters.
The filter bandwidth relates to the spectral resolution so typically this technique is low-resolution,
but there are technologies to achieve very narrowband filters, increasing the spectral resolution
comparable to a dispersive spectrograph. The Taurus Tuneable Filter is an example of such tech-
nology, which used a scannable piezo actuated Fabry-Pérot étalon to achieve spectral resolutions
in the range of 6 to 60Å (Bland-Hawthorn & Jones, 1998), although this spectral resolution varies
radially across the image. Another "scanning" method is the slit-scan, that uses a single long slit
on a galaxy and either scans laterally across the face of the galaxy in steps of a slit width after
every exposure, or rotates incrementally after each exposure with the centre of the slit positioned
on the centre of the galaxy. The former method is the easier of the two and was employed only in
a few galaxy surveys, such as Nearby Field Galaxy Survey (Jansen et al., 2000a,b).
A new form of hyperspectral imaging has recently emerged with the invention of energy re-
solving detectors that are sensitive to photons in the optical wavelengths. At the heart of the
instrument is a microwave kinetic inductance detector (MKID), which sets up a resonant circuit
on each pixel. Any incident photon changes the surface impedance of the superconductor (through
the kinetic inductance effect; Mattis & Bardeen, 1958), and is registered as a change in phase and
amplitude of the resonator. Leading the way in the use of MKIDs in astronomy is the ARCONS
instrument (Mazin et al., 2013), which has an array size of 44 46 pixels. Due to limitations
in materials and the microwave circuits, the spectral resolution of these MKIDs is  40–30 nm
from 400 900 nm respectively. With operating temperatures of  400mK, coupled with the low
spectral resolution, the use of these devices for galaxy evolution studies is currently not feasible.
However, it is very early on in their development and the hope would be that one day they replace
the need of dispersive spectrographs altogether.
The TIGER method (rotated 2D Slit) uses a microlens array imaged through a spectrograph at
a slight angle to allow the spectrum from each lenslet to run in between its neighbouring spectra
(see Figure 1.3; TIGER = Traitment Intégral des Galaxies par l’Etude de leurs Raies; Bacon et al.,
1995). The spectral bandwidth is limited with a narrow-band filter as to not overlap with the next
lenslet in the spectral dimension, and the spectra from lenslets at the edge of the array can fall off
the detector. However, it is a very efficient method of obtaining the data cube of a galaxy if the
limited spectral bandwidth is permitted by the science case. The most significant galaxy survey
that uses this technique is ATLAS3D, which used the SAURON instrument to observe 260 early-
type (elliptical) galaxies, one at a time, up to distances of 42Mpc (Bacon et al., 2001; Cappellari
et al., 2011).
There are two primary methods of obtaining the full data cube of a galaxy: image slice and
fibre array (both shown in Figure 1.3). The image slice method (Richardson, Fletcher & Grund-
mann, 1984) in astronomy was pioneered by the Max Planck Institute for extraterrestrial Physics
(MPE) with the instrument "3D" (Krabbe et al., 1997), and many instruments still employ this
method (e.g. WiFeS and MUSE; Dopita et al., 2007; Bacon et al., 2010). It works by placing a
set of stacked mirror slices at the focal plane with each mirror slice slightly rotated such that the
reflected images exit at different angles. Further mirrors are positioned to rearrange the observed
field to a long thin image with each slice stacked end to end, forming the spectrograph’s slit. The
use of mirrors makes this technique efficient across a large range of wavelengths, and is predom-
inantly used for integral-field units that operate in infrared wavelengths (e.g. SINFONI, OSIRIS,
PACS, FIFI and MIRI; Eisenhauer et al., 2003; Larkin et al., 2006; Poglitsch et al., 2008; Colditz
et al., 2012; Wells et al., 2015).
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Figure 1.3: Three different designs of integral-field spectrographs: (top) 2D Slit, (middle) Image slice, (bottom) fibre
array. The first column is the projection of the integral-field unit on-sky, the second column is the format of the
spectrograph’s entrance slit, and the third column is the projection of the dispersed spectra on the detector. Adapted
from Allington-Smith & Content (1998); McLean, Larkin & Fitzgerald (2013).
Integral field units (IFUs) built using fibre optics offer true flexibility in their shape and the
location of the spectrograph they feed. Due to the cladding of the fibre optics, it is usual for a fibre
array IFU to have a microlens array as fore-optics, to minimise the gaps between the spaxels (e.g.
KOALA; Ellis et al., 2012), but it is by no means a requirement (e.g. PPak; Kelz et al., 2006).
One of the largest integral-field galaxy surveys to date is the CALIFA Survey (Sánchez et al.,
2012), which used the PPak instrument to observe  600 galaxies over 250 nights. This survey
speed of 2 galaxies per night is typical for integral field spectrographs, and is one of the limiting
factors for advancing galaxy evolution studies. The use of fibre optics also improves the ability
to perform accurate sky subtraction, by assigning some of the fibres in the slit as dedicated sky
fibres displaced from the IFU on the focal plane. This is not possible with the other IFU designs,
although instruments such as MUSE have a large enough field of view that there will always be a
large fraction of spaxels that are only observing the sky (Streicher et al., 2011).
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The spatial information of a galaxy’s ionisation, stellar properties, and velocity field, obtained
via integral-field spectroscopy, has opened deeper parameter spaces to probe the physics of galax-
ies. The AGN / starburst winds are dramatically seen driving off the discs of edge-on galaxies
(Sharp & Bland-Hawthorn, 2010; Ho et al., 2014, 2016b), stellar population analysis can reveal
gradients that probe the merging history of a galaxy (Rawle et al., 2008; Pracy et al., 2013), and
the velocity fields show dynamic signatures of a galaxy’s interaction history in addition to probing
its local dark matter content (Krajnovic´ et al., 2011; Khochfar et al., 2011; Cecil et al., 2016).
1.2 Multi-object integral-field spectroscopy
There is a middle ground between multi-object spectroscopy and integral-field spectroscopy, aptly
named: multi-object integral-field spectroscopy. In the case of a fibre optic based instrument,
say we have a spectrograph whose entrance slit can accept N fibres. From this set up, we es-
sentially have three options to how we configure the fibres on the focal plane: (1) multi-object
spectroscopy: distribute the fibres such that each fibre observes a different galaxy. Over the course
of a survey, this provides us with many hundreds of thousands to millions of galaxy observations
(a few thousand galaxies per night), but each galaxy only has a single aperture-limited observa-
tion. (2) integral-field spectroscopy: bring all of the fibres together into one monolithic 2D array
to observe one galaxy. This provides us with spatially resolved spectroscopy of a single galaxy,
which over the course of a survey can observe a few hundred galaxies (a couple per night). (3)
multi-object integral-field spectroscopy: divide the fibres into multiple smaller 2D fibre arrays and
simultaneously obtain spatially resolved spectroscopy on galaxies distributed over the focal plane.
Over the course of a survey, it is then possible to obtain integral-field spectroscopic data on a few
thousand galaxies (tens per night).
These three modes are very much complementary to each other in galaxy evolution studies.
Multi-object spectroscopy provides statistical precision across a large dynamic range of many dif-
ferent parameter spaces, in addition to the galaxy populations from which the other two modes
typically perform their target selection. Integral-field spectroscopy provides detailed analysis of
both the spatial and spectral information of individual galaxies, opening up more physical param-
eter spaces than possible with single apertures. Multi-object integral-field spectroscopy provides
spatially resolved spectroscopy of galaxies at a lower spatial coverage / resolution than a mono-
lithic integral-field unit (IFU), although it has the benefit of also quickly building up a statistically
significant population of galaxies that span a large dynamic range over more categories of galaxy
properties.
The breakthrough instrument of this observational mode, was the Sydney-AAO Multi-object
Integral-field Spectrograph (SAMI; Croom et al., 2012). Commissioned in mid-2011 on the 3:9m
Anglo-Australian Telescope (AAT) and upgraded during 2012, SAMI uses 13 fibre bundles as the
individual IFUs. It has since been used in vigour for the SAMI Galaxy Survey that started in early
2013 (Bryant et al., 2015; Sharp et al., 2015; Allen et al., 2015a). SAMI, both as an instrument
and the subsequent galaxy survey, forms the basis of this thesis. A detailed summary of SAMI
is given in Section 1.2.1, and an up-to-date list of the instrument and astronomy papers can be
found as part of the publication list given in Appendix A. Relevant to this thesis, SAMI provided a
statistically significant sample to robustly test the star formation rate aperture corrections applied
to nearby galaxies that are observed with single aperture data (Chapter 2), a seredipitous discovery
of an isolated dwarf galaxy with an intense off-centre star forming complex (Chapter 3), and the
instrumental platform for the use of novel polymer imaging bundles as field acquisition and guide
probes (Chapter 4).
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Although SAMI was the first instrument of its kind to truly excite the international astronomy
community, the first multi-object integral field spectrograph was the European Southern Observa-
tory’s GIRAFFE spectrograph (Flores et al., 2004), which could deploy fifteen 18-element IFUs
over a 25 arcmin field-of-view. The primary function of GIRAFFE’s multi-object IFUmode was to
not only obtain the spatially resolved velocity fields of galaxies with redshift z 0:5, but to do so
at high-resolution (R 10;000). There are two others instruments that are worthy of mention: the
K-band Multi-Object Spectrograph (KMOS; Sharples et al., 2006, 2013) and the Mapping Nearby
Galaxies at APO instrument (MaNGA; Bundy et al., 2015). KMOS began operations at the end
of 2012 on the European Southern Observatory’s Very Large Telescope (ESO’s VLT - UT1). It
deploys 24 pick-off mirrors over a 7 arcmin diameter field, all of which feed image slicing IFUs. It
is designed this way for the ability to observe in wavelengths of 0:8 to 2:5mm, which corresponds
to observing galaxies of redshifts z  1–5. MaNGA began operations in mid-2014 on the 2:5m
Sloan Telescope at Apache Point Observatory as part of the SDSS-IV program. Inspired by the
success of SAMI, it too uses fibre bundles for its IFUs, deploying 17 over a 3 degree diameter
field. Their bundles also vary in size in an attempt to better suit the range of galaxy sizes on-sky.
The spectral coverage is the same as SDSS: 360–1000 nm with a resolution of R 2000 (R= l /
Dl , where l is the wavelength and Dl is the resolution element).
1.2.1 The Sydney-AAO Multi-object Integral-field Spectrograph (SAMI)
In a time when the full force of the GAMA Survey was winding down on the 3:9m Anglo-
Australian Telescope (AAT), and science with integral-field surveys such as CALIFA were still
underway but hitting statistical limits, the University of Sydney and the Australian Astronomical
Observatory saw a good opportunity to prototype a multi-object integral-field instrument, in hope
for it to become the next dark-time survey instrument on the AAT. In mid-2011, a breakthrough
multi-object integral-field spectrograph instrument was commissioned on the prime focus of the
AAT (Croom et al., 2012). During 2012, a number of upgrades were performed on the prototype,
bringing about the full instrument (still called SAMI), which entered survey mode in March 2013
under the title of "SAMI Galaxy Survey". Over a three year period, this survey tasked itself with
observing 3500 galaxies up to a redshift of z= 0:1 (two thirds of which are galaxies found in the
GAMA Survey regions, and one third targeting galaxy clusters in the southern sky; Bryant et al.,
2015). To avoid possible forthcoming confusion, the prototype and upgraded versions of SAMI
will be referenced as "SAMI-I" and "SAMI-II" respectively, however the official name for both is
still just "SAMI". Both versions of SAMI mounted in the AAT’s prime focus top-end are shown
in Figure 1.4. Again, the technical papers that describe the instrument and galaxy survey can be
found in Appendix A.
SAMI’s hardware
A big part of the rapid success of SAMI’s original build was the availability of a 4m-class tele-
scope, a dormant prime focus triplet corrector that could provide a 1 degree diameter field of view
with a plate scale of 15:22 arcsec / mm, and a long-slit fibre-fed optical spectrograph with ad-
justable wavelength resolution and coverage (AAOmega; Sharp et al., 2006). This left the missing
pieces being: a focal plate unit with a choice of positioning and guiding technologies, the optical
fibre long-slit and 40m cable from the spectrograph to the prime focus, and the quantity / size of
the individual integral field units (IFUs).
At the time, the most effective method of positioning SAMI’s multiple IFUs (known as hex-
abundles) over the focal plate was to do it by hand (i.e. plug-plate). The rigidity of the hexabundles
in their conduits meant that they were unsuitable for any existing robotic technology. In SAMI-I
the plug-plate consisted of a 24 cm diameter brass field plate with female SMA-type screw con-
nectors to accept the hexabundles and sky fibres. The connectors had no way of constraining the
rotational alignment of the hexabundles (or sky fibres), so any attempt to keep the hexabundle
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Figure 1.4: Pictures of the SAMI-I prototype (left) and SAMI-II after upgrade (right) installed inside the prime focus
top-end of the AAT. The splice boxes are where the fibre IFUs (hexabundles) are joined with the 40m long cable that
goes down the side of the telescope and into the spectrograph room on the floor of the telescope dome. The sky fibres
have the orange conduits on both versions. There are 26 sky fibres fibres and are distributed across the focal plate to
obtain an accurate measurement of the sky background over the 1 degree field. The 13 hexabundles have a blue conduit
in SAMI-I, but a stainless steel conduit in SAMI-II. The guide camera in SAMI-I is suspended on a gantry to guide on a
central star in the field through a hole in the field plate. The guide camera in SAMI-II is off to the side as is fed by three
polymer imaging bundles that are positioned on guide stars in the field. The field plate in SAMI-I is a brass plate with
screwed connectors for the hexabundles and sky fibres. The field plate in SAMI-II is a ferrous steel plate with magnetic
connectors for the hexabundles and sky fibres. Both field plates are 24 cm in diameter.
orientation from field to field had to be done by hand. The strain on the hexabundles from trying
to screw their connector in the same orientation resulted in the damage of four hexabundles in
the first few nights of commissioning. Even though SAMI-I continued to achieve science in the
SAMI Pilot Survey (Fogarty et al., 2014, 2015; Scott et al., 2015), the risk of further damage of
hexabundles, in addition to the need of a robust plug-plate system, resulted in the change of the
field plate and fibre connectors for SAMI-II. The field plate is now a ferrous steel plate that accepts
the new magnetic connectors of the hexabundles and sky fibres. The new connectors also have a
north alignment pin, so the hexabundles remain in the same on-sky orientation even after a field
or plate change.
The telescope guiding for SAMI-I was performed by suspending a guide camera over the
centre of the field plate by mounting it on a gantry. Every galaxy field had a central guide star
that was observed through a hole in the centre of the field plate by the guide camera. This was
effective, however the location of the guide camera on the gantry made the action of plugging the
connectors into the field plate difficult. The distance of the guide camera from the field plate also
meant that the starlight was being vignetted, resulting in the need for brighter guide stars. The
need of bright stars in the centre of the galaxy field constrained the algorithms that found suitable
galaxy fields (tiling algorithm). These issues were overcome in SAMI-II, as the guide camera was
mounted to the side of a remaining gantry arm and was fed by three polymer imaging bundles.
Each of these bundles are 1:5mm in diameter and can translate a spatially coherent image, with
7095 cores and a filling-factor of 92% (summed area of all cores divided by the end-face area of
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Figure 1.5: A microscope image of the end face of a SAMI hexabundle. The 61 fibres have core and cladding diameters
of 105 and 115mm respectively. The fibres are lightly-fused inside a glass capillary tube that has an internal diameter
of  1mm. The hexabundle is then glued into a metal connector, filling the gaps between fibres, and polished. The two
"bubble-like" features to the upper left of the hexabundle are in fact hardened bubbles in the layer of glue that rests on
top of the connector’s metal face. These types of features have no effect on the performance of the hexabundle.
the bundle). There are similar imaging bundles made out of glass, however their filling-factor is
typically 25–40%. Even though the polymer has a high attenuation compared to glass ( 80 and
99:7%permeter respectively), the polymer imaging bundles are more efficient over short lengths.
Not only did the use of these bundles make the plugging of a field plate easier, but it also granted
more freedom in the tiling algorithm, as the guide stars could be fainter and arbitrarily located
over the field. During the characterisation of these polymer imaging bundles to see if they were
suitable for use in SAMI’s guiding, they were also found to be suitable for a wide range of different
astronomical applications. The characterisation and current / future applications of these polymer
imaging bundles is presented as Chapter 4 of this thesis (Richards et al., 2016c).
The sky fibres and hexabundles had lengths of 1:5m, which meant that to they needed to join
onto a 40m fibre cable to be able to feed the spectrograph room on the dome floor. The fibre cable
in SAMI-I was made from ribbonised fibres in strips of 16 fibres. These ribbons were then packed
into a 40m plastic conduit with an internal diameter of  3 cm. The ribbonising of the fibres and
tight packing of the fibre cable, in addition to the type of fibre used having poor throughput for
blue wavelengths, resulted in an increase in light loss during the 40m length. A new fibre cable
for SAMI-II was made that had significant improvement in its blue wavelength transmission, and
instead of ribbonising the fibres they were grouped in batches of 21 fibres with their own smaller
conduit inside a larger external conduit, providing more freedom and support to the fibres. The
result was on average a factor of two gain in efficiency for the blue and 20% for the red.
On the other end of the fibre cable, the fibres were aligned in 13 V-groove units of 63 fibres
each. This complete unit made up the entrance slit of the AAOmega spectrograph. The total
number of fibres that fit along the slit, but whose spectra would not have significant overlap on
the detector was 819. This number dictates just how many hexabundles SAMI can have. There
is a trade-off between the number of fibres per hexabundle and the total number of hexabundles
permitted by the science case. Having 61 fibres per hexabundle produces a nice tight circular
packing of fibres, and resulted in 13 hexabundles and 26 sky fibres, which is just the right amount
of balance between having enough hexabundles for the science case, but also enough sky fibres to
acquire an accurate measurement of the sky background across the 1 degree field.
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The AAOmega spectrograph has two arms (blue and red) and selectable gratings. The choice
of gratings for SAMI Pilot Survey and SAMI Galaxy Survey were 580V and 1000R for the blue
and red arms. This provides a resolution of R= 1730 and R= 4500 over the wavelength coverage
of 370-570 nm and 625-735 nm respectively. The wavelength gap was chosen to ensure enough
signal-to-noise in the blue arm for the stellar continuum (by not setting the resolution too high),
and high enough resolution in the red arm to accurately measure and disentangle atomic emission
lines. Although there is a wavelength gap, the key atomic line features included in the science case
are visible even up to a redshift of z= 0:1.
At the heart of the instrument are the fibre IFUs (hexabundles). These devices have been
developed within the last decade, led by the astrophotonics group at the University of Sydney
(Bryant et al., 2010, 2011, 2014; Bland-Hawthorn et al., 2011). The hexabundles used in both
versions of SAMI consist of 61 circularly packed fibres with core and cladding diameters of 105
and 115mm respectively, achieving a filling-factor of  75% (see Figure 1.5). The cladding along
the length of the fibre is the industry standard of 125mm, but to achieve the high filling factor,
the last few centimetres of the hexabundle end are etched down to the 115mm. Not only did the
new hexabundles gain well needed protection from the change in connector style, they were able
to be made in-house at the University of Sydney, rather than outsourcing to companies around the
world. This in-house capability resulted in a hexabundle that performed as well as a single fibre
(Bryant et al., 2014).
SAMI’s software
The other side to SAMI, which can be often overlooked when describing an instrument, is the
software that is needed not only to extract and reduce the spectra from the spectrograph CCDs into
useable data cubes, but also to tile the galaxy fields onto the field plates in accordance with the
target selection. The tiling algorithm used in SAMI is based on the Greedy algorithm (Robotham
et al., 2010) that is designed to efficiently tile densely packed fields over the course of a survey,
whilst maximising the completeness (Bryant et al., 2015). The algorithm finds 12 galaxies, 1
secondary standard star, 3 guide stars and 26 sky positions. It also layers two separate science
fields with common sky positions on a single plate, such that there are a total of 58 connector
holes. To make the useable data cubes from the raw observed data, a SAMI PYTHON package was
written (Allen et al., 2014), that makes use of the AAOmega extraction software, 2dfDR (AAO,
2016). A full explanation of this package can be found in Sharp et al. (2015); Allen et al. (2015a),
but the principle steps are: data management, use of 2dfDR to extract the spectra from the CCDs,
flux calibration, correction for telluric absorption, removal of atmospheric dispersion, alignment
of dithered exposures, and drizzling onto a regular output grid, whilst tracking the variance and
covariance information throughout the pipeline, and ensuring some levels of quality control. The
need for dithering comes from the 75% fill-factor of the hexabundles. To fill in between the gaps of
the fibres, the seven 30min exposures on a field are dithered by approximately half of a fibre core
diameter in a hexagonal pattern. With the help of differential atmospheric refraction, this results
in near even coverage of each observed galaxy. Drizzling is a technique developed by Fruchter
& Hook (2002) that efficiently resamples data onto a regular grid when the data has subcritically
sampled the point spread function (PSF). With fibre core on-sky diameters of 1:6 arcsec and an
input PSF typically on the order of 2 arcsec (atmospheric seeing at the AAT), SAMI subcritically
samples the data. The modified drizzle algorithm in the SAMI pipeline addresses this issue, and
maximises the spatial quality of the final data cubes (for a full description of this technique see
Sharp et al., 2015). This software package is critical to the efficiency of observing and the quality
of the resultant data used for the analysis in Chapters 2 & 3 of this thesis. Relevant papers and
software can also be found in Appendix A.
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SAMI’s science (SAMI Galaxy Survey)
The science drivers for the SAMI Galaxy Survey aim to tackle questions in galaxy evolution that
are limited by observational techniques and statistics of other single aperture or monolithic IFU
surveys. A lengthy discussion on the key topics that will be addressed by the SAMI Galaxy Survey
can be found in Croom et al. (2012) and Bryant et al. (2015), but in summary they are: how does
galaxy mass and angular momentum build up? when, where and why does star formation occur?
when, where and why does black hole accretion occur? how are galaxies fuelled and what is the
role of feedback? Relevant to this thesis are the topics relating to the processes and regulation of
star formation.
The need to spatially resolve the instantaneous star formation of a galaxy is crucial to under-
standing the physical processes at play. As clearly seen in the previous Figure 1.2, a single-aperture
measurement of a galaxy has the potential to miss important star formation features, more so for
galaxies in the local Universe z. 0:2 (Kewley, Jansen & Geller, 2005; Gerssen, Wilman & Chris-
tensen, 2012; Iglesias-Páramo et al., 2013; Brough et al., 2013). Increasingly elaborate schemes
have been developed that use imaging data to predict the instantaneous star formation outside of
the aperture (e.g. Hopkins et al., 2003; Brinchmann et al., 2004), but their assumptions lead to
biases that depend on what type of galaxies are being observed. For the first time possible, the
data from SAMI is able to rigorously probe the biases of these star formation aperture corrections,
which are presented in detail in Chapter 2 of this thesis (Richards et al., 2016a,b).
A dominant regulator of star formation is the environment that a galaxy interacts with during
its evolution. In the local Universe, the environmental structure has evolved to defined clusters, fil-
aments, groups and voids. With a statistically large and unbiased sample of galaxies with resolved
star formation, it is possible to measure the effect of these environments. The dense intergalactic
medium in cluster regions is likely to result in ram-pressure stripping of galaxies that fall into the
cluster, removing the necessary fuel for ongoing star formation (Gunn & Gott, 1972; Lewis et al.,
2002b). In less dense environments, it is the reservoir of gas in a galaxy’s halo that is stripped, re-
sulting in a longer process of declining star formation (strangulation; Larson, Tinsley & Caldwell,
1980; Bekki, 2009). The rate of galaxy-galaxy interactions is also proportional to the environment
density, which can increase or decrease the star formation depending on the type of interaction.
All of these processes have signatures that manifest themselves in the spatial distribution of the
instantaneous star formation: Ram-pressure stripping shows concentrated star formation as the
gas is removed from the outer disk; Strangulation results in a decline in star formation across the
entire galaxy; Interacting galaxies can show an increase in nuclear star formation.
These environmental effects are also dependant on the type of galaxy. Due to their smaller
gravitational potential, environmental interactions of low-mass "dwarf" galaxies (. 109M) result
in dramatic displays of star formation activity. Triggered star formation from interactions with a
higher-mass galaxy is most obviously seen in the Large Magellanic Cloud (LMC) with the star
forming region 30 Doradus (Kennicutt, 1984). However, it is possible for isolated dwarf galaxies to
achieve similar starbursts from interactions with H I gas clouds (López-Sánchez & Esteban, 2008,
2009). One of the important features of the SAMI Galaxy Survey target selection (Bryant et al.,
2015) is that it will gather data on  400 dwarf galaxies. This is an unprecedented sample in the
quest to understanding their star formation processes. One of these galaxies, which is analogous
to an isolated twin of the LMC, is analysed in detail in Chapter 3 of this thesis (Richards et al.,
2014).
There exists at higher redshifts (z 1–2) clumping star-forming galaxies called "clump-clusters".
These galaxies are thought to be undergoing an episode of intense star formation, where the more
massive of galaxies have evolved into the present day smooth disk galaxies. As dwarf galaxies
evolve slower, it is thought that local dwarf-irregular galaxies are currently undergoing the same
evolutionary phase as the clump-clusters (Elmegreen, Elmegreen & Hirst, 2004; Elmegreen et al.,
2009; Wisnioski et al., 2012). The linkage of high and low redshift observations is a big step
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towards piecing together the many puzzles of galaxy evolution, and is possible due to the compli-
mentary data sets of SAMI and KMOS.
The scientific program of MaNGA has similar science goals to that of the SAMI Galaxy Sur-
vey, though over a six year survey it plans to observe 10;000 galaxies up to a redshift of z 0:03
over 4000deg2 of the northern sky. The lower resolution (in the red) limits the velocity resolution
and multi-component analysis of the gas physics (e.g. star formation, AGN, shocks and winds),
and the survey plan of observing galaxies & 109M also limits the fraction of dwarf galaxies
that will be observed. However, enhanced population statistics is achieved when binning in other
parameter spaces.
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Preamble
The motivation of this work came from trying to understand any biases present in the aperture
corrected galaxy star formation rates provided by GAMA and SDSS, which are widely used by
the astronomical community. Accurate assessment of their robustness is essential to the validity
of galaxy evolution studies. Previous studies using data from integral-field spectrographs have
attempted to reveal these biases, however the breakthrough with using SAMI data was not only the
dramatically increased sample size (one to two orders of magnitude more galaxies than previous
work), but also the unbiased large dynamic range in stellar mass and star formation rates. This
allowed a thorough examination of the aperture corrections for the first time. This chapter is the
content of the published paper listed below with minor changes to the formatting and inclusion of
erratum corrections.
Title
The SAMI Galaxy Survey: Can we trust aperture corrections to predict star formation?
Abstract
In the low-redshift Universe (z < 0:3), our view of galaxy evolution is primarily based on fibre
optic spectroscopy surveys. Elaborate methods have been developed to address aperture effects
when fixed aperture sizes only probe the inner regions for galaxies of ever decreasing redshift
or increasing physical size. These aperture corrections rely on assumptions about the physical
properties of galaxies. The adequacy of these aperture corrections can be tested with integral-
field spectroscopic data. We use integral-field spectra drawn from 1212 galaxies observed as part
of the SAMI Galaxy Survey to investigate the validity of two aperture correction methods that
attempt to estimate a galaxys total instantaneous star formation rate. We show that biases arise
when assuming that instantaneous star formation is traced by broad-band imaging, and when the
aperture correction is built only from spectra of the nuclear region of galaxies. These biases
may be significant depending on the selection criteria of a survey sample. Understanding the
sensitivities of these aperture corrections is essential for correct handling of systematic errors in
galaxy evolution studies.
S. N. Richards; J. J. Bryant; S. M. Croom; A. M. Hopkins; A. L. Schaefer; J. Bland-Hawthorn;
J. T. Allen; S. Brough; G. Cecil; L. Cortese; L. M. R. Fogarty; M. L. P. Gunawardhana;
M. Goodwin; A. W. Green; I.-T. Ho; L. J. Kewley; I. S. Konstantopoulos; J. S. Lawrence;
N. P. F. Lorente; A. M. Medling; M. S. Owers; R. Sharp; S. M. Sweet; and E. N. Taylor
Monthly Notices of the Royal Astronomical Society, 455, p.2826 (2016a) & 458, p.1300 (2016b)
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2.1 Introduction
Over the past decade, aperture correction methods have been developed to obtain global properties
of galaxies by extrapolating measurements from a single spectrum probing only the central regions
of each galaxy. When a nearby galaxy is spectroscopically observed with a single aperture, such
as an optical fibre with a diameter on-sky of a few arcseconds, only the central region of a galaxy
is typically probed for redshifts z . 0:3. The magnitude of an aperture effect scales with both
redshift and the physical size of a galaxy.
The largest single aperture galaxy surveys to date are the Sloan Digital Sky Survey (SDSS1;
York et al., 2000) and the Galaxy And Mass Assembly survey (GAMA2; Driver et al., 2009). Both
are optical spectroscopic surveys of  105 to 106 nearby galaxies with z . 0:3, and have on-sky
fibre diameters of 3 and 2 arcsec respectively. Therefore, the star formation rate (SFR) of galaxies
within these surveys are subject to aperture effects. Figure 2.1 shows the equivalent physical scale
of an aperture’s on-sky diameter as a function of redshift. By design however, GAMA incorporates
spectra from other sources, including SDSS for bright galaxies.
The SFR aperture correction used in GAMA and SDSS are different, with GAMA using a
method prescribed by Hopkins et al. (2003, hereafter H03), and SDSS that presented by Brinch-
mann et al. (2004, hereafter B04). For the benefit of the reader, a short summary of each method
is provided.
2.1.1 Hopkins et al. (2003) method (H03, GAMA)
In a detailed look at SFR indicators from multi-wavelength data (1:4 GHz to u-band luminosities),
H03 found that multiplying the stellar absorption corrected Ha equivalent-width, EW(Ha), from
the fibre spectrum by the galaxy’s k-corrected Petrosian r-band luminosity, and correcting for the
Balmer decrement, gave a good approximation to the galaxy’s total SFR, given by:
SFR(H03) =
EW(Ha)10 0:4(Mr 34:10)
SFRF
 310
18
[6564:61(1+ z)]2


BD
2:86
2:36
; (2.1)
where EW(Ha) is the stellar absorption corrected Ha flux divided by the median continuum level
of the spectrum about the Ha emission line (we perfom the absorption correction by subtracting
fitted stellar templates via LZIFU, Ho et al., 2014),Mr is the absolute k-corrected r-band Petrosian
magnitude of the galaxy including a correction for Galactic extinction, z is the flow-corrected red-
shift of the galaxy, and BD is the Balmer decrement (stellar absorption corrected ratio of Ha / Hb
emission line fluxes) assuming a fixed Case-B recombination value of 2:86 (Calzetti, 2001; Dopita
& Sutherland, 2003) with a reddening slope of 2:36 (Cardelli, Clayton & Mathis, 1989) and the
dust as a foreground screen averaged over the galaxy. SFRF is the "star formation rate factor"
to convert to solar masses per year, e. g. 1:271034 W, as given by Kennicutt (1998) assuming a
Salpeter (1955) initial mass function (IMF).
Only galaxies classified as star forming (SF) via the Kauffmann et al. (2003b) limit in Bald-
win, Phillips & Terlevich (1981, hereafter BPT) diagnostics were considered in this aperture cor-
rection. It assumes that the galaxy’s EW(Ha) and Balmer decrement profiles are constant across
the galaxy. For the current work we interpret this to mean that for an EW(Ha) measured using
different aperture radii, to the limit of 2 Petrosian radii (hereafter R2P), the H03 SFR derived in
those apertures will be constant.
1http://www.sdss3.org/
2http://www.gama-survey.org/
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Figure 2.1: The projected physical sizes of the GAMA (2 arcsec, red), SDSS (3 arcsec, blue) and SAMI (15 arcsec,
green) apertures as a function of redshift. For galaxies with redshift z . 0:2, only the central few kpc are observed
spectrally in GAMA and SDSS.
Due to the straightforward approach of this aperture correction, H03 has been widely used in
determining the SFR of galaxies in single aperture surveys. In the absence of large integral field
surveys, no formal error analysis of the assumptions in H03 has been possible. Consequently, no
errors on the SFRs are provided in GAMA DR2 (Liske et al., 2015). What has been examined
is how well the H03 SFRs compare with SFRs derived from other indicators (Hopkins et al.,
2003; Cluver et al., 2014, Wang et al. in prep). The limit of these studies lies in how to interpret
the random and systematic errors due to different indicators tracing different star formation time
scales.
2.1.2 Brinchmann et al. (2004) method (B04, SDSS)
Younger, hotter stars (that contribute most of the star formation component of Ha emission) are
observed to have bluer optical colours, so B04 included a 3-colour dependance in their aperture
correction (using the SDSS filters g;r; i at a rest-frame of z= 0:1). The best way to think about the
B04 aperture correction is not as an aperture correction equation, but rather an aperture correction
cube. The x;y axes are the g– r;r– i colours, and the z axis a histogram (likelihood-distribution) of
the SFR divided by the i-band luminosity (a proxy for specific-SFR) for each galaxy in a given g–
r;r– i cell. B04 constructed this aperture correction cube using spectra from high signal-to-noise
(s/n) star forming galaxies in SDSS, with the g;r; i colours and Ha-based SFR coming from within
the fibre.
Using this aperture correction cube, it is then possible to find the likelihood distribution of SFR
when only optical colours are known (independent of aperture size or shape). To calculate the B04
SFR: (a) measure the Ha SFR from within the fibre; (b) subtract the g;r; i fibre flux from the g;r; i
total galaxy flux to find the g;r; i colours of the galaxy’s light outside of the fibre aperture (annulus
magnitudes); (c) locate the cell where the colours of the annulus magnitudes lie on the aperture
15
2.1 | Advancements in multi-object integral-field spectroscopy
correction cube’s g– r;r– i grid; (d) multiply the likelihood distribution of the located cell by the
annulus’ i-band luminosity to find the SFR likelihood distribution of the annulus; (e) calculate the
B04 SFR by adding together the SFR measured in the fibre and the median SFR from the SFR
likelihood distribution of the annulus. It is worth clarifying that the B04 method of predicting the
SFR of the annulus is independent from the aperture (fibre).
There are three main assumptions in B04’s original approach to calculating the SFR for SDSS
galaxies. The first assumption relates to the method of calculating the fibre SFR for all galaxy
types (defined as SF, low-s/n SF, AGN/Composites from BPT diagnostics). For SF galaxies, the
emission lines, predominantly Ha , were used to find the fibre SFR by fitting models to the spectra
(Charlot & Longhetti, 2001). For other galaxy types, the fibre SFR was found by using a rela-
tionship of specific-SFR to D4000 (so as to not be biased by non star forming contributions to the
emission lines). This relationship was constructed using spectra from SF galaxies. In a detailed
look at this assumption, Salim et al. (2007) (using UV-based SFRs) found that non-SF galaxies
followed different relationships depending on their BPT classification. As such, B04 revised this
relationship in more recent editions of their SDSS SFRs. This particular revision only applies to
classifications other than SF galaxies, though all B04 SFRs are adjusted3 in later editions due to
improvements in the SDSS data reduction pipeline and model fitting the photometry of the outer
regions of each galaxy.
The second assumption, which is more directly related to the aperture correction cube, is that
optical colours are a good indicator of the Ha specific-SFR. The most obvious possible discrep-
ancy is that the stellar continuum and Ha emission vary on two different timescales ( 100 and
10 Myr respectively). B04 assume the uncertainties are not systematic and provided them as per-
centile ranges of the likelihood-distributions. Salim et al. (2007) quote average 1s errors on B04
SFRs in the range of 0:29 to 0:54 dex depending on the BPT classification. The aperture correction
cube has a degeneracy between stellar age, metallicity and dust, which is assumed to broaden the
likelihood distribution for any given g– r;r– i cell.
The third assumption is that the 3-colour relationship with SFR in the nucleus of a galaxy is
the same for that of the disk. Constructing the aperture correction cube with only nuclear spectra
could lead to regions on the g– r;r– i grid that are biased, in particular for galaxies with redshift,
z< 0:1, and so lead to systematic errors in SFR.
2.1.3 Previous tests of H03 and B04 SFRs
Slit-scanning data from the Nearby Field Galaxy Survey (NFGS; Jansen et al., 2000a,b) were used
by Kewley, Jansen & Geller (2005) to look at the biases of aperture effects on SFR, metallicity and
reddening. They found that if a single aperture (fibre) could capture > 20% of the galaxy’s light,
the systematic and random errors from the aperture effects would be minimised, but if< 20% then
the aperture effects are substantial. This 20% boundary corresponds to redshifts of 0:04 and 0:06
for SDSS and GAMA respectively.
Data obtained via integral-field spectroscopy (IFS) is the preferred method for testing aper-
ture corrections, due to the data being spatially resolved. It enables spectroscopic comparisons
of the nuclear region, the disk, and the integrated light. Studies of galaxies observed via IFS that
look at the effect of aperture corrections include Gerssen, Wilman & Christensen (2012), Iglesias-
Páramo et al. (2013), and Brough et al. (2013). Iglesias-Páramo et al. (2013) use the data of 104
star forming galaxies from the Calar Alto Legacy Integral Field Area Survey (CALIFA; Sánchez
et al., 2012) to measure the curves-of-growth of the Ha flux, Balmer decrement and EW(Ha), and
empirically find aperture corrections as a function of ra/R50, where ra is the radius of a single aper-
ture and R50 the half-light radius (the radius containing 50% of the Petrosian flux in the r-band).
Gerssen, Wilman & Christensen (2012) compare the B04 aperture corrections with a sample of
3http://wwwmpa.mpa-garching.mpg.de/SDSS/DR7/
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24 SF galaxies observed with VIMOS (Le Fèvre et al., 2003). They compared the ratio of the
B04 aperture corrected SFR to the fibre SFR with the ratio of the total Ha flux to the Ha flux
contained within a 3 arcsec aperture on their data cubes. They find on average for their sample
that the B04 correction underestimates the aperture correction factor by a factor 2:5 with a large
scatter. Brough et al. (2013) directly compare H03 and B04 SFRs with SFRs from IFS data of 18
galaxies that span a range of environments, as observed with SPIRAL (Sharp et al., 2006). They
find a mean ratio of 1:260:23 and 1:340:17 respective to H03 and B04.
Although several studies compare the H03 and B04 SFRs of galaxies with SFRs from total
Ha , all are limited by errors from either small-sample statistics or the inability to disentangle
measurement and calibration biases (Calzetti & Kennicutt, 2009).
Until recently, nearly all IFS data have been obtained with monolithic IFUs, meaning that
the time taken to gather the data has been lengthy and the sample numbers small (. 100, nor-
mally a few dozen). Efforts have now been made towards obtaining IFS data of > 103 galaxies
with multi-object IFS, improving an IFS survey speed by over an order of magnitude on mono-
lithic IFUs. Such instruments include the Sydney-AAO Multi-object Integral-field spectrograph
(SAMI4; Croom et al., 2012; Bryant et al., 2015), Mapping Nearby Galaxies at APO Instrument
(MaNGA5; Bundy et al., 2015; Drory et al., 2015) and the K-band Multi-Object Spectrograph
(KMOS6; Sharples et al., 2006, 2013).
For this work we use data obtained as part of the SAMI Galaxy Survey (Allen et al., 2015a;
Bryant et al., 2015; Sharp et al., 2015), which already has reduced IFS data on 1212 galaxies at the
time of writing, with a survey target sample of 3400 over three years. With a large initial sample,
the SAMI Galaxy Survey makes for an ideal dataset to test the robustness of the H03 and B04
aperture corrections methods.
In Section 2 we detail the observations and data reduction of the SAMI Galaxy Survey, the
sample selection and cuts applied to the SAMI Galaxy Survey data, and the ancillary data of the
SAMI Galaxy Survey important to this work. In Section 3 we perform tests of the H03 and B04
aperture corrections both indirectly and directly. In Section 4 we discuss biases of the H03 and
B04 methods and implications these might have on literature results. In Section 5 we conclude
on the trustworthiness of the H03 and B04 aperture corrections and provide advice for future
single aperture studies. Throughout this paper, "SF" is in reference to galaxies or spectra that
lie below the Kauffmann et al. (2003b) star formation line on the log10([O III] l5007 / Hb ) vs
log10([N II] l6583 / Ha) BPT diagram. We assume the standard LCDM cosmology with Wm =
0:3, WL = 0:7 and H0 = 70 km s 1Mpc 1.
2.2 Observations and data reduction
The data used in this work were obtained with SAMI, which deploys 13 hexabundles (Bland-
Hawthorn et al., 2011; Bryant et al., 2014) over a 1 degree field at the Prime Focus of the 3.9m
Anglo-Australian Telescope. Each hexabundle consists of 61 circularly packed optical fibres.
The core size of each fibre is 1:6 arcsec, giving each hexabundle a field of view of 15 arcsec
diameter. All 819 fibres (793 object fibres and 26 sky fibres) feed into the AAOmega spectrograph
(Sharp et al., 2006). For SAMI observing, AAOmega is configured to a wavelength coverage of
370 to 570 nm with R= 1730 in the blue arm, and 625 to 735 nm with R= 4500 in the red arm. A
seven point dither pattern achieves near-uniform spatial coverage (Sharp et al., 2015), with 1800 s
exposure time for each frame, totalling 3:5 h per field.
4SAMI: http://www.sami-survey.org/
5MaNGA: http://www.sdss3.org/future/manga.php
6KMOS: http://www.eso.org/sci/facilities/develop/instruments/kmos.html
17
2.2 | Advancements in multi-object integral-field spectroscopy
As described in Allen et al. (2015a), in every field, twelve galaxies and a secondary standard
star are observed. The secondary standard star is used to probe the conditions as observed by the
entire instrument. The flux zero-point is obtained from primary standard stars observed in a single
hexabundle during the same night for any given field of observation. The raw data from SAMI
were reduced using the AAOmega data reduction pipeline, 2dfDR7, followed by full alignment and
flux calibration through the SAMI Data Reduction pipeline (see Sharp et al. (2015) for a detailed
explanation of this package). In addition to the reduction pipeline described by Allen et al. (2015a)
and Sharp et al. (2015), the individual frames are now scaled to account for variations in observing
conditions. Absolute g-band flux calibration with respect to SDSS imaging across the survey is
unity with a 9% scatter, found by taking the ratio of the summed flux within a 12 arcsec diameter
aperture centred on the galaxy in a g-band SAMI IFU image and the respective SDSS g-band
image smoothed to the SAMI seeing.
Emission-line maps (most notably Hb , [O III] l5007, Ha and [N II] l6583) of all galaxies
in the SAMI Galaxy Survey were produced using the IFU emission-line fitting package, LZIFU
(see Ho et al. (2014) for a detailed explanation of this package). LZIFU utilises pPXF (Cappellari
& Emsellem, 2004) for stellar template fitting (MILES templates, Falcón-Barroso et al., 2011)
and the MPFIT library (Markwardt, 2009) for estimating emission line properties. It is possible
to perform multi-component fitting to each emission line with LZIFU, although for the purpose of
this work we chose to only use the single-component Gaussian fits.
2.2.1 Sample selection
At the time of writing, 1212 galaxies had been observed as part of the SAMI Galaxy Survey
(internal data release v0:9), and form the parent sample for the analysis in this work. The SAMI
Galaxy Survey can be split into two populations of galaxies: those found in the GAMA regions
(field galaxies) and those found in the Cluster regions (cluster galaxies). For a full description
of the SAMI Galaxy Survey target selection, we refer the reader to Bryant et al. (2015). Of the
1212 galaxies in our parent sample, 832 are found in the GAMA regions and 380 in the Cluster
regions. Figure 2.2 shows the stellar mass of these galaxies as a function of redshift, and reveals
that the distribution of our parent sample is representative of the full SAMI Galaxy Survey’s target
selection. Different aspects of the analysis in this work use different subsamples of this parent
sample, which are defined at the start of each section respectively.
2.2.2 Ancillary data
The target selection of the SAMI Galaxy Survey (Bryant et al., 2015) allows for a plethora of exist-
ing multi-wavelength ancillary data, in particular for galaxies observed within the GAMA Survey
fields (2=3 of the SAMI Galaxy Survey targets). Among many other properties, the GAMA DR2
catalogue (Liske et al., 2015) provides the Petrosian radii, stellar masses (Taylor et al., 2011), Sér-
sic fits with Re measurements (Kelvin et al., 2012), and spectroscopic redshifts and H03 aperture-
corrected SFRs (Hopkins et al., 2013; Gunawardhana et al., 2013) for every galaxy used in the
analysis of this paper. Optical u;g;r; i;z photometry is provided by SDSS DR10 (Ahn et al., 2014),
with the B04 total SFRs coming from the latest MPA-JHU Catalogue8. All stellar masses were
found using the photometric prescription of Taylor et al. (2011). Following the scheme used by
72dfDR is a public data reduction package managed by the Australian Astronomical Observatory, see
http://www.aao.gov.au/science/software/2dfdr.
8B04 total SFRs are found in "gal_totsfr_dr7_v5_2:fits:gz", obtained at
http://wwwmpa.mpa-garching.mpg.de/SDSS/DR7/sfrs.html. The SFRs are derived from SDSS DR7 data (Abazajian
et al., 2009), and include the corrections of Salim et al. (2007).
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Figure 2.2: The location of our galaxies (red and blue points) overlaid on the SAMI Galaxy Survey target selection (see
Figure 4 of Bryant et al., 2015). The red points are galaxies found in the GAMA regions, and the blue points those
found in the Cluster regions. The background is a 2D histogram of the GAMA DR2 catalogue from which the SAMI
field sample is drawn, with the black stepped-line representing the selection cut. Galaxies above this line are "Primary
Targets". Galaxies that lie below this line are considered "Filler Targets" (included due to observational constraints on
field tiling). Our sample of 1212 galaxies is representative of the full SAMI target selection.
Kelvin et al. (2014) and Cortese et al. (2014), visual morphological classification has been per-
formed on the SDSS colour images by the SAMI Galaxy Survey team. Galaxies were divided
into late- and early-types (or unclassified) according to their shape, presence of spiral arms and/or
signs of star formation.
2.3 Testing of aperture corrections
In this section we aim to provide analysis of the H03 and B04 aperture corrections using integral-
field data from the SAMI Galaxy Survey. The analysis is divided into three sections, with the
first being the comparison of SFRs from the H03 and B04 methods to that measured from SAMI
galaxies, and the second and third being investigations into the assumptions of the H03 and B04
method respectively.
2.3.1 Comparing total SFRs from SAMI, GAMA & SDSS
The most common test of aperture corrections is in the comparison of the total Ha SFRs measured
from IFS data to that from an aperture correction. IFS data provides direct knowledge of the total
instantaneous SFR of a galaxy (when full coverage is obtained), whereas the aperture corrections
are predicting the total SFR indirectly. To do this comparison, from the 1212 parent sample we
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Figure 2.3: log10(SFR) in M yr 1 of star forming galaxies found by the methods (a) of Hopkins et al. (2003, H03)
and SAMI, and (c) Brinchmann et al. (2004, B04) and SAMI. (b;d) shows the residuals from a 1:1 correlation in
(a;c) respectively. There are the same 107 data points (galaxies) in all diagrams, with their colours representing the
log10(stellar mass, M). Square, triangle and circle markers represent early-type, late-type and unclassified morpholo-
gies respectively. The typical error bars for these data are given in the lower right of (a;c). No formal error for the
H03 SFR is given GAMA DR2, so a typical error of the H03 method was taken from Hopkins et al. (2003). The dotted
lines are lines of the unity relation. The solid lines are least-squares fits to these data with the gradient, intercept and
1s scatter about the fit shown in the lower right of (a;c). These data span approximately 4 orders of magnitude in SFR
from 0:01 to 10 M yr 1.
selected galaxies that met the following criteria: (1) Matched to, and had measured SFRs in the
GAMA and SDSS catalogues; (2) Classified as SF from the integrated SAMI spectrum via the
Kauffmann et al. (2003b) limit in BPT diagnostics; (3) The SAMI hexabundle field of view probes
out to at least 2 effective radii (2Re). After these cuts, we were left with 107 galaxies. The SAMI
SFRs were measured by binning the SAMI data cube, taking into account the spatial covariance
(Sharp et al., 2015), and fitting the binned spectrum with LZIFU. The single-component emission
line fits of the LZIFU product were then used to compute the SFR via:
SFR(SAMI) =
Ha 
 
4 p dl2

SFRF


BD
2:86
2:36
; (2.2)
where Ha is the integrated flux (in Wm 2) of the single component Gaussian fit of the Ha emis-
sion line after stellar continuum subtraction; SFRF is the star formation rate factor to convert to
solar masses per year = 1:271034 W, as given by Kennicutt (1998) assuming a Salpeter (1955)
initial mass function (IMF) and solar metallicity; dl is the luminosity distance in meters; BD is
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the Balmer decrement (as described in Equation 2.1 along with the reddening equation). We also
ensure both H03 and B04 SFRs are scaled accordingly to match our use of a Salpeter (1955) IMF.
Figure 2.3 shows the comparison between the SAMI SFRs and SFRs from H03 and B04, and
suggests there are slight trends with respect to the SAMI values in the H03 and B04 methods
potentially biasing literature results that rely on them. Assuming the SAMI SFR to be the true
SFR, the H03 method shows only over-estimation for galaxies with a low SFR, whereas the B04
shows both over- and under-estimation for low and high SFR galaxies respectively. H03 exhibits
a larger scatter than B04 with scatters of 0:22 and 0:15 dex respectively. The best fits to these data
for each aperture correction are given as:
SFR(SAMI) =
SFR(H03)  (0:020:04)
(0:910:05) ; (2.3)
SFR(SAMI) =
SFR(B04)+(0:090:02)
(0:850:03) ; (2.4)
where all SFRs are in log10(M yr 1). After visually noticing a gradient in stellar mass in Figure
2.3(d), we found no significant gain when including a stellar mass term for the B04 fit.
Comparing SFRs can reveal the presence of systematic errors, but as with all analysis of aper-
ture corrections performed with this technique it is not possible to locate the origin of such errors
from the SFRs alone. To locate biases in aperture corrections, rather than comparing SFRs from
different methods, tests should be performed on the assumptions that go into the aperture correc-
tions.
2.3.2 Testing the H03 aperture correction with SAMI data
With IFS data it is possible to directly test the assumptions of H03 that a galaxy’s EW(Ha) and
Balmer decrement profiles are flat. The form of Equation 2.1 means that for a galaxy observed
with ever increasing aperture sizes, the H03 SFR derived from the measured EW(Ha) and Balmer
decrement in those apertures should remain constant. If the EW(Ha) and Balmer decrement pro-
files vary across a galaxy, the H03 SFR equated at ever-increasing aperture sizes should approach
to the true total SFR when the aperture radius is equal to 2  the galaxy’s r-band Petrosian radius
(R2P).
Equation 2.1 relies on three spectral measures: redshift, EW(Ha) and Balmer decrement. The
first step in this test was to see how the latter two vary for apertures of d from 2 to 15 arcsec
with a step of 1 arcsec for all SF galaxies in the 1212 parent sample that had an Ha s/n > 3
for all apertures (leaving 461 galaxies). Galaxies that were excluded due to this cut had either
AGN/LINER emission or no reliable Ha flux measurement in the smallest apertures. All galaxies
that exhibited extra-nuclear star formation still had detectable Ha flux in the smallest apertures.
The spectrum for each aperture was obtained by binning all spaxels of the SAMI data cube (taking
into account spatial covariance) that fell within the aperture footprint centred on the galaxy. The
EW(Ha) and Balmer decrement for each spectrum were found by fitting each spectrum with
LZIFU. The data for each galaxy were then normalised by its respective measurement at d = 2,
resulting in a curve-of-growth of each galaxy’s EW(Ha) and Balmer decrement (see leftmost
column of Figure 2.4).
Overall, the Balmer decrement curves-of-growth tend to be flat for all galaxy types (staying
within a range of 0:1 dex), but the EW(Ha) curves-of-growth vary greatly (in extreme cases there
can be more than an order of magnitude difference between d = 2 and d = 15). The EW(Ha)
curves-of-growth can be categorised as either decreasing (155 galaxies), flat (149 galaxies) or
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Figure 2.4: Example galaxies that fall within the respective curve-of-growth classifications: decreasing (D), flat (F)
or increasing (I), where each row is a different galaxy. The first column shows the EW(Ha) and Balmer decrement
curves-of-growth (dotted and dashed line respectively). The curves-of-growth have been normalised to the measurement
obtained with an aperture diameter of 2 arcsec ("ratio"). The second and third columns are the SAMI Ha and r-
continuum maps for each galaxy (normalised to the maximum of each map for visual aid), and the size of the g-band
PSF is given as a grey circle in the lower right of the r-continuum maps. All maps are 25 25 arcsec in size, and are
orientated such that North is up and East is left. The Balmer decrement curves-of-growth tend to remain flat for all
aperture sizes, but the EW(Ha) varies greatly depending on the relative distributions of Ha to r-continuum.
increasing (157 galaxies). The classifications were performed by allowing the flat (F) curves-of-
growth to have a range of0:05 dex between d = 2 and d = 15. Higher and lower than this range,
the curves-of-growth were classified as increasing (I) and decreasing (D) respectively.
Figure 2.4 provides example galaxies for each classification, and it immediately becomes ev-
ident as to why the EW(Ha) curves-of-growth vary so much when inspecting the Ha and r-
continuum maps (middle and rightmost columns). D have more centrally concentrated Ha com-
pared to their r-continuum, F have similar Ha and r-continuum profiles, and I fall into two subcat-
egories: either the r-continuum shows a steeper radial decrease than the Ha emission, or there are
off-centred star forming regions (bright in Ha) that don’t show up in the r-continuum. The H03
aperture correction (Equation 2.1) relies on the EW(Ha) and Balmer decrement curves-of-growth
being flat, which this analysis shows is only true 1=3 of the time.
To quantify the error of this assumption, we find the H03 SFR curve-of-growth for each galaxy
over the same aperture range, and fit each curve-of-growth with an exponential, constrained such
that the exponential has to reach within 1% of its asymptote at d=R2P = 2 (by definition of Equation
2.1). A H03 SFR curve-of-growth can be fit with an exponential such that the residual on the fit
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Figure 2.5: The error distribution of an H03 derived SFR as a function of aperture size. The percentile ranges for all 461
H03 curves-of-growth are shown as shaded regions, and their curve-of-growth lines from the bottom-up are 2:5%, 16%,
50% (median; thick line), 84% and 97:5%. The dotted line is the curve-of-growth of the mean. The thin horizontal
line is unity. The y-axis is log10(SFRd / SFRd=R2P=2). The equations and coefficients of the fits to the percentiles
can be found in Table 2.1. The stepped-histogram shows the distribution of respective aperture sizes for all GAMA
DR2 galaxies with redshift z < 0:1, only including those measured with a 2 arcsec aperture. This means that for a
galaxy whose d=R2P = 0:3, the 1s -error on its H03 SFR is 0:18 dex. For the smallest aperture sizes (i.e. large, nearby
galaxies), the 1s -error becomes  0:5 dex, and the median departs from unity to become  0:1 dex, meaning H03 is
more likely to over-estimate the SFR by  0:1 dex. This error is only due to aperture effects. To get the full uncertainty
of SFR, random and systematic errors on the flux, modelling, initial mass function, etc would need be been taken into
account.
Percentile A B C D resid
2.5 -0.926(18) -19.637(70) -0.682(22) -2.919(96) 0.013
16.0 -0.369(69) -3.129(41) -0.365(93) -25.097(86) 0.004
50.0 -5.606(92) -4.807(18) 5.717(52) -4.844(72) 0.003
84.0 0.442(29) -2.503(26) 0.118(49) -20.431(52) 0.005
97.5 0.432(06) -2.274(50) 0.426(35) -2.274(49) 0.014
Table 2.1: Table of coefficients to find the errors for a galaxy’s SFR after it has undergone the H03 aperture correction
(see Figure 2.5 for a description of these fits). Equation 2.5 is to be used for calculating the percentiles. The "resid"
column shows the median residual of the fit in dex for the range 0:01< d=R2P < 1:00. The median (50th-percentile) can
be considered as an adjustment to the H03 SFRs. We do not presume to know the significance of the fitting coefficients
to five decimal places, but they are provided for the sake of computation.
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is typically less than 0:05 dex for all apertures. To put all the H03 curves-of-growth on the same
diagram, we normalised each fit by the SFR found at d=R2P = 2, and converted the aperture sizes
to units of d=R2P. Combining the curves-of-growth like this enables us to measure the percentile
ranges for different aperture sizes. A diagram of these percentiles can be found in Figure 2.5,
which includes the H03 curves-of-growth from 461 galaxies. The shape of the percentiles can be
fitted with the analytical expression:
log10 (error) = A  exp

B  d
R2P

+C  exp

D  d
R2P

; (2.5)
where error is the percentile error on the H03 aperture corrected SFR; A, B, C & D are the
coefficients given in 2.1 respective to their percentile; d is the size of the aperture diameter in
arcsec; R2P is the 2 r-band Petrosian radius of the galaxy in arcsec. This analytical expression
can be used to find the percentile error distribution on the H03 SFR for any given galaxy. For
redshifts z < 0:1, a GAMA DR2 galaxy has a median d=R2P  0:3, resulting in a 1s error on
its H03 SFR of 0:18 dex. This error is only the error on the assumptions that go into the H03
aperture correction, and to get formal errors, the EW(Ha) and Balmer decrement measurement
errors would have to be included. We found no correlation between a galaxy’s H03 SFR curve-
of-growth and a global property of the galaxy (including: SFR at d=R2P = 2, stellar mass, r-band
Sérsic Index, Petrosian g– r colour, redshift and 5th Nearest Neighbour environment density).
2.3.3 Testing the B04 aperture correction with SAMI data
There are two assumptions that go into the B04 aperture correction cube that we can examine: (1)
Broadband optical colours can act as a tracer of the Ha-based SFR; (2) An aperture correction
cube created from spectra probing only the nuclear regions of galaxies can be representative of a
galaxy’s disk. The widths of the SFR likelihood distributions that come from the aperture correc-
tion cube are representative of the errors due to the first assumption. B04 provide the percentiles
of the SFR likelihood distributions of each galaxy. Obtaining a formal error on the second as-
sumption from this analysis is not possible due to mismatching of available data between SAMI
and B04, which will become clear as the analysis progresses.
To examine the assumption that broadband optical colours can act as a tracer of the SFR(Ha),
we first need to construct a SAMI version of the aperture correction cube (hereafter ACC). In
B04, the SDSS optical filters g;r; i are used to construct their aperture correction cube, but the
wavelength range of SAMI does not span that entire filter set. Instead, we opt to use a custom top-
hat filter set that can be applied to the spectra (k-corrected to z = 0), taking the notation us;gs;rs
as they most closely match the standard u;g;r filters respectively (see Figure 2.6). The adoption
of a custom filter set means that the magnitude of any bias or relation found with our data is not
representative of the B04 aperture correction cube. The presence of a bias or relation, however,
would indicate that one would likely also be present in the B04 aperture correction cube.
The native spaxel (spatial pixel) size of the SAMI data cubes is 0:5 arcsec square, though to
improve s/n, especially in the outer disks of galaxies, we opted to bin the data such that the spaxel
size is now 1 arcsec square. Taking all SF spaxels, we computed their us;gs;rs magnitude colours,
rs-luminosity (in Watts) and SFR(Ha) (Equation 2.2), only accepting spaxels with SFR s/n > 2
(leaving 48273 spaxels in total). These data formed the ACC (see Figure 2.7).
With the ACC constructed, for each galaxy it is possible to compare the SFR(Ha) map to its
SFR(ACC) map. A galaxy’s SFR(ACC) map is made by locating the us;gs;rs colours of a spaxel
on the us– gs, gs– rs grid of the ACC and multiplying the SFR/rs-band luminosity likelihood
distribution of that cell by the spaxel’s rs-band luminosity. The SFR is taken as the median of
the likelihood distribution. Regardless of the spatial distribution of the SFR(Ha), the SFR(ACC)
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Figure 2.6: The custom filter set used to create the SAMI version of the aperture correction cube (ACC). The horizontal
lines show the wavelength range of SAMI (Blue and Red arms of the AAOmega spectrograph). The vertical dotted
lines show the limits of the locations of Hb and Ha for 0 < z < 0:1. The blue, green and red shaded areas represent
the wavelength coverage of the custom SAMI filter-set, labelled as us;gs;rs respectively. The wavelength ranges of
each filter are: 3800Å< us < 4150Å, 4800Å< gs < 5150Å, 6300Å< rs < 6650Å. The SDSS u;g;r; i;z filters are also
overlaid for comparison. The SAMI filter set was required because the SAMI data does not span the full SDSS g;r; i
filter range, due to the Red arm of SAMI having over double the spectral resolution of the Blue arm.
followed a smooth distribution tracing out the optical continuum. This discontinuity is enhanced
for more complex SFR(Ha) distributions (see Figure 2.8 for a selection of these maps).
The second assumption from B04 that we can examine is that an aperture correction cube built
from nuclear spectra can be representative of the SFR in the disk of a galaxy. Here we proceed to
build two ACCs in the same fashion as before, though this time with: (1) only spaxels contained in
the central 3 arcsec diameter of the galaxy (nuclear); (2) only spaxels outside the central 3 arcsec
(disk). These ACCs can be seen in Figure 2.9. The most obvious difference is that the disk ACC
spans a larger range of colours, but doesn’t probe as far into us– gs as the nucleus ACC. This is
expected as the nuclear region of galaxies tend to have redder colours due to the presence of older
stars. Another difference arises in the likelihood distributions, with the medians of the nuclear
ACC changing more rapidly than the disk ACC in the us– gs, gs– rs plane. This difference can be
seen more easily in Figure 2.10, where the data points are us– gs, gs– rs cells that overlap between
the nuclear ACC and the disk ACC. A positive correlation is found between the difference of the
likelihood distribution medians for each ACC and the respective median Balmer decrements for
a given us– gs, gs– rs cell. When the nuclear spectra underestimate the Balmer decrement for
the disc, the SFR derived from an aperture correction cube built from only the nuclear spectra is
underestimated. Conversely, when the nuclear spectra overestimate the Balmer decrement for the
disc, the SFR is overestimated. The histogram of the differences has a median value of 0:04 dex
(under-estimation of SFR) and a 1s scatter of 0:16 dex. Whilst examining the effect of this
correlation on the B04 against SAMI SFRs in Figure 2.3, we also found a positive correlation
between the total SFR of a galaxy and the ratio of median Balmer decrement for spaxels within
a 3 arcsec diameter aperture (nuclear) to the median Balmer decrement for remaining spaxels
(disk) (see Figure 2.11).The spaxels that contributed to both ACCs occupied the same star forming
sequence on a log10([O III] l5007 / Hb ) vs log10([N II] l6583 / Ha) BPT diagram, ruling out
contamination of other ionisation sources to the nuclear spectra.
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Figure 2.7: The SAMI version of the aperture correction cube (ACC), built from 48273 spaxels. (a) shows the grid
of us– gs vs. gs– rs, with the intensity being the log10(number of spaxels) that contribute to each cell. Each cell is
0:04 mag square in size. (b) is the same as (a), but the intensity is the log10(median of the SFR/rs-band luminosity
likelihood distribution) for each cell. (c) is an example of the likelihood-distribution at the nominal point where us–
gs = 0:5, gs– rs = 0:5. 322 spaxels contribute to this likelihood distribution, which has a median of  44:3 and a 1s
error of 0:35 dex.
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Figure 2.8: The SFR(Ha) map, SFR(ACC) map, SDSS g;r; i-band images and the SDSS 3-colour image for 5 galaxies
(a galaxy per row). Both SFR maps have been normalised to the maximum of each map respectively. The g-band PSF
size for the SAMI data is shown by a grey circle in the lower right of the SFR(Ha) maps. The SFR maps are made using
SAMI cubes that have been binned to have 1 arcsec spaxels (native spaxel size is 0:5 arcsec). All maps and images are
2525 arcsec in size, and are orientated such that North is up and East is left. The SAMI galaxy ID is provided in the
upper left of the SFR(Ha) maps for reference in the text. These galaxies have been selected to highlight differences
between the SFR maps. Only a few galaxies not represented here have smooth SFR maps that closely match each other.
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Figure 2.9: Two aperture correction cubes (ACC); one built from only spaxels in the central 3 arcsec of the galaxy
(Nucleus, left column), and the other built from spaxels outside the central 3 arcsec (Disk, right column). The diagrams
follow the same description as Figure 2.7. Cells common between both ACCs are outlined in the lower panels. The disk
ACC covers a larger range of colours (although, missing the reddest of spaxels with high us– gs).
2.4 Discussion
2.4.1 H03 method (GAMA)
The attempt of disentangling random and systematic errors from SFR comparison plots, such as
Figure 2.3, can prove to be difficult, if not impossible. When comparing H03 SFRs and SAMI
SFRs we find a near 1:1 trend (gradient of 0:910:05 with a 1s scatter of 0:22 dex). Deviation
from 1:1 happens for low-SF galaxies, with H03 over-predicting the SFR. Studies of dwarf galax-
ies in the local universe (which occupy the low star forming end of the H03 against SAMI SFRs in
Figure 2.3) have been shown to exhibit bursty star formation, in addition to an underlying ageing
population (Gil de Paz, Madore & Pevunova, 2003; Richards et al., 2014). An order of magnitude
in the difference of timescales leads to an r-band continuum level over-representing the instan-
taneous (Ha) star formation. The large scatter can be understood with the analysis of the SFR
curves-of-growth (see Figure 2.5), where galaxies with a small aperture (d=R2P < 0:4) have an
uncertainty on their aperture corrected SFR  0:25 dex. The high dispersion of the H03 curves-
of-growth at small apertures can also be seen in the work of Iglesias-Páramo et al. (2013) who
at small apertures find large dispersions in the EW(Ha) and Balmer decrement profiles of 107
CALIFA galaxies with SFRs & 1 M yr 1. Finding no correlation between the H03 curves-of-
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growth and another global galaxy parameter results in an interpretation that the H03 error (Table
2.1) is random. The trend in the medians of these distributions, however, suggests that H03 are
systematically over-estimating their SFRs by up to 0:1 dex for galaxies with the smallest apertures
(d=R2P < 0:2). The analytical expressions of these error distributions (Table 2.1) can be used,
together with measurement errors of the EW(Ha) and Balmer decrement, to obtain formal errors
on the H03 SFRs.
The random nature of the H03 error should only be considered to be valid with an unbiased
sample selection. Adopting a sample selection that could bias the EW(Ha) curves-of-growth will
also introduce biases in the H03 SFRs. Such science can include investigation into the trends in
SFR for merging galaxies, as star formation is seen to be more centrally concentrated in these
systems, which will lead to an over-estimation of the H03 SFRs (Moreno et al., 2015, Bloom
et al. in prep). Galaxies with centrally concentrated star formation are also more likely to be
found in higher density environments (Koopmann, Haynes & Catinella, 2006; Cortese et al., 2012,
Schaefer et al. in prep), where the H03 SFRs would also become over-estimated, although in this
work we found no statistically significant correlation between the H03 SFR curves-of-growth and
environment.
For GAMA DR2 galaxies with z< 0:1, the median d=R2P  0:3 and H03 1s error 0:18 dex.
Results such as the Ha luminosity function presented by Gunawardhana et al. (2013) will be
affected by this error. The over-estimation bias of up to 0:1 dex for apertures with d=R2P < 0:2
can lead to a steeper turn off in the shape of the Ha luminosity function at the high luminosity end
(Gunawardhana, private communication). This section of the Ha luminosity function is where you
tend to find larger galaxies (higher Ha luminosity), so the d=R2P aperture size would be smaller.
2.4.2 B04 method (SDSS)
Understanding the slope of the B04 SFRs and SAMI SFRs from Figure 2.3 required the creation
of an aperture correction cube based on SAMI data (ACC) to discover how well broadband colours
could trace the Ha based star formation. Figure 2.8 shows the SFR distributions of a selection of
galaxies with SFR maps measured from Ha and the ACC. Here we find that the SFR(ACC) traces
out the broadband light of the galaxy even when the SFR(Ha) is more clumpy. Clear examples of
this from Figure 2.8 are SAMI IDs 485924 and 56064. 485924 has an off-centre starburst which is
not detected in the broadband imaging or in the SFR(ACC). 56064 appears to have most of its star
formation in the disk, but the SFR(ACC) predicts more star formation in the nucleus. Similarly to
the analysis of H03 (see Figure 2.4), only  1=3 of our galaxies exhibit a smooth distribution of
SFR(Ha) that closely matches the distribution of SFR(ACC). Making SFR maps is not what the
B04 aperture correction was intended for, although it highlights the need for IFS surveys of many
thousands of galaxies.
In an aperture correction cube there is a degeneracy between stellar age, metallicity and dust
that broadens the likelihood distributions, though the underlying issue is assuming the optical
continuum (timescales of > 100 Myr) can trace SFR on timescales < 10 Myr. The effect of
not being sensitive to starbursts can be one explanation to the under-estimation in B04 SFRs for
galaxies with a high SFR in Figure 2.3. Although these galaxies are more likely to have bluer
colours, they also have a tendency to have more prominent starbursts, resulting in the under-
estimation of B04 SFR. This under-estimation has also been seen by Green et al. in prep, who
compare the B04 SFRs with total Ha SFRs from IFU data of 67 galaxies with SFRs of 1 to 100
M yr 1. Salim et al. (2007) found that for galaxies with B04 SFR of 1 to 30 M yr 1, the SFRs
matched with SFRs derived from FUV;NUV;u;g;r; i;z broadband measurements. This match is
expected because the two star formation measures probe similar timescales.
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Figure 2.10: The difference of the median of the likeli-
hood distributions (in dex) against the ratio of the me-
dian Balmer decrement for each common us– gs, gs–
rs cell in the aperture correction cubes (nuclear ACC
and the disk ACC, see Figure 2.9). The Spearman’s
rank correlation coefficient is 0:561 with a p-value of
1:68 10 23. The histogram shows the distribution of
the differences, which has a median of 0:04 dex and a
1s -error of 0:16 dex. For positive difference the nuclear
ACC over-predicts the SFR found from the disk ACC, and
vice versa.
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Figure 2.11: The log10(B04 SFRs) for 337 star form-
ing (SF) SAMI galaxies against the ratio of the median
Balmer decrement for spaxels within a 3 arcsec aperture
(nuclear) to the median Balmer decrement for spaxels
outside a 3 arcsec aperture (disk). Square, triangle and
circle markers represent early-type, late-type and unclas-
sified morphologies respectively, and are coloured with
respect to each galaxy’s stellar mass. The Spearman’s
rank correlation coefficient is 0:595 with a p-value of
1:46 10 26. Galaxies with a higher SFR (or higher
stellar mass) tend to have more dust in their nucleus com-
pared to their disk.
Figure 2.9 shows a difference in the medians of the likelihood distributions of the nuclear ACC
and disk ACC, meaning that the assumption in the B04 method that an ACC built from nuclear
spectra can be representative of the galaxy as a whole has underlying errors. Investigating this dif-
ference further, we find a positive correlation between the medians of the likelihood distributions
and the medians of the Balmer decrements for us– gs, gs– rs cells that are common between both
ACCs (see Figure 2.10). This is a probe into the degeneracy of dust in an aperture correction cube.
Galaxies with strong increasing or decreasing dust gradients will have under- or over-predicted
B04 SFRs respectively. The dust gradient of a galaxy correlates with its total SFR (or stellar mass,
see Figure 2.11), such that high star forming galaxies (or greater stellar mass) tend to have decreas-
ing dust gradients, and low star forming galaxies have increasing dust gradients. Iglesias-Páramo
et al. (2013) also find that galaxies with SFRs & 1 M yr 1 have a decreasing dust gradient. Any
correction for this correlation would drive the B04/SAMI SFR slope from Figure 2.3 further from
a 1:1 relationship. However, due to the difference in broadband filters used in B04 and this work
to create the aperture correction cubes, we are unable to provide the magnitude of this correction.
To find the true correction term, nuclear and disk aperture correction cubes would need to be built
from IFS data of  103 galaxies that spectrally cover the g;r; i filters. This will be possible with
MaNGA or HECTOR (Lawrence et al., 2012; Bland-Hawthorn, 2015). With these larger surveys, it
will also be possible to investigate any biases that arise in the B04 method due to stellar age and
metallicity.
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In the age of multi-wavelength surveys such as GAMA (Liske et al., 2015), analogous aper-
ture correction cubes can be built from many different SFR indicators, and comparisons made to
further identify possible biases. Any tracer of SFR can be used in the construction of an aperture
correction cube, though the cube would be sensitive to different timescales of star formation.
2.5 Conclusions
We have used integral-field spectroscopy of 1212 galaxies from the SAMI Galaxy Survey to probe
the assumptions that underpin the Ha star formation rate aperture correction methods of Hopkins
et al. (2003, H03) and Brinchmann et al. (2004, B04). We summarise the findings of this work:
1. When comparing total star formation rates (SFRs) from the H03 and B04 aperture correc-
tions with integrated Ha SFRs from SAMI data, both H03 and B04 have trends that deviate
from 1:1. The gradient and scatter for H03/SAMI are 0:91 0:05 and 0:22 dex, and for
B04/SAMI are 0:850:03 and 0:15 dex.
2. Only  1=3 of our galaxies follow H03’s assumption that the EW(Ha) and Balmer decre-
ment curves-of-growth remain flat. For the sample considered here, the likelihood of in-
creasing or decreasing curves-of-growth is the same. Our empirically derived, analytical
expression of the error on and correction for this assumption can be found in Table 2.1.
Using it, the median GAMA DR2 galaxy with redshift z< 0:1 has an H03 SFR 1s error of
0:18 dex (not inclusive of measurement errors on EW(Ha) and Balmer decrement).
3. Investigations into the B04 method showed that although this method includes a depen-
dance on optical colours, and is therefore more sensitive to younger, hotter stars, the SFRs
found can still be insensitive to starbursts (instantaneous star formation). This is because the
Ha emission and optical continuum probe two different timescales (< 10 and > 100 Myr
respectively).
4. We compared two aperture corrections similar to B04 from SAMI data, built from spectra
of the nuclear regions of galaxies and separately from spectra beyond. We found B04’s
assumption that nuclear spectra can be representative of the rest of the galaxy to be biased
due to a difference in the nuclear and disk dust corrections.
5. We find that the dust gradient and total SFR of a galaxy are correlated such that galaxies
with a high SFR require a smaller dust correction in their disk compared to their nucleus.
This results in an over-estimation of the total SFR when using a B04 aperture correction
method built only from nuclear spectra. This bias is also seen in low star forming galax-
ies requiring a larger dust correction in their disk compared to their nucleus, resulting in
an under-estimation in SFR. The slope found when comparing total SFRs of star forming
galaxies from B04 and SAMI would deviate furthermore from a 1:1 relationship if these
correlations are corrected for.
6. Measuring the magnitude of the bias in the B04 aperture correction requires further investi-
gation using IFS data that covers the same wavebands (e. g. MaNGA or HECTOR).
7. A sample selection that prefers galaxies with concentrated or extended star formation will
bias the H03 SFRs to be over- or under-estimated respectively. Whereas, a sample selection
that prefers galaxies with high or low star formation will bias the B04 SFRs. Choosing
which aperture correction is suitable to minimise any potential bias will depend on the data
sample in question.
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So, "Can we trust aperture corrections to predict star formation?". Yes, but only for large
(& 103) unbiased samples of galaxies, and as long as the conclusions can have accuracies of
 0:2 dex in SFR. At this level of uncertainty, there are two main cases of preference between the
Hopkins et al. (2003, H03) and Brinchmann et al. (2004, B04) aperture correction methods: (a)
the inclusion of galaxies classified outside of the star formation main sequence in BPT diagnostics
is only possible in the B04 method; (b) the H03 method has lower systematic biases over a large
dynamic range in SFR for complete data samples.
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3 | The LMC’s Lonely Twin
Preamble
The motivation of this work came from the discovery of an intense off-centered starburst in a
dwarf galaxy whilst visually looking through first set of Ha maps from the SAMI Galaxy Survey.
This dwarf galaxy shares striking resemblance to the Large Magellanic Cloud (LMC; including 30
Doradus), although in contrast to the LMC it is in complete isolation. The intense star formation
activity of local dwarf galaxies is of interest to understanding their role in galaxy evolution, in
particular as local analogues to higher redshift starburst galaxies ("clump-clusters"). This chapter
is the content of the published paper listed below with minor changes to the formatting.
Title
The SAMI Galaxy Survey: the discovery of a luminous, low-metallicity H II complex in the dwarf
galaxy GAMA J141103.98-003242.3
Abstract
We present the discovery of a luminous unresolved H II complex on the edge of dwarf galaxy
GAMA J141103:98-003242:3 using data from the Sydney-AAO Multi-object Integral field spectro-
graph (SAMI) Galaxy Survey. This dwarf galaxy is situated at a distance of  100 Mpc and
contains an unresolved region of H II emission that contributes  70 per cent of the galaxy’s
Ha luminosity, located at the top end of established H II region luminosity functions. For the
H II complex, we measure a star-formation rate of 0:147 0:041 M yr 1and a metallicity of
12+log(O/H) = 8:01 0:05 that is lower than the rest of the galaxy by  0:2 dex. Data from
the H I Parkes All-Sky Survey (HIPASS) indicate the likely presence of neutral hydrogen in the
galaxy to potentially fuel ongoing and future star-forming events. We discuss various triggering
mechanisms for the intense star-formation activity of this H II complex, where the kinematics of
the ionised gas are well described by a rotating disc and do not show any features indicative of
interactions. We show that SAMI is an ideal instrument to identify similar systems to GAMA
J141103:98-003242:3, and the SAMI Galaxy Survey is likely to find many more of these systems to
aid in the understanding of their formation and evolution.
S. N. Richards; A. L. Schaefer; Á. R. López-Sánchez; S. M. Croom; J. J. Bryant; S. M. Sweet;
I. S. Konstantopoulos; J. T. Allen; J. Bland-Hawthorn; J. V. Bloom; S. Brough;
L. M. R. Fogarty; M. Goodwin; A. W. Green; I.-T. Ho; L. J. Kewley;
B. S. Koribalski; J. S. Lawrence; M. S. Owers; E. M. Sadler; and R. Sharp
Monthly Notices of the Royal Astronomical Society, 445, p.1104 (2014)
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3.1 Introduction
Galaxies are thought to have formed hierarchically from the agglomeration of smaller structures.
While dwarf galaxies (DGs) occupy the lower end of the galaxy mass function, they are a critical
population for the understanding of galaxy evolution as they represent the fundamental units of
galaxy formation in the early universe. Over the years there have been varying definitions as to
what is classified as a DG (Hodge, 1971; Tammann, 1994; Mateo, 1998). For the purpose of this
work, we define a DG as a galaxy with a stellar mass < 109M. Despite DGs being the most
numerous galaxies in the Universe (Fontana et al., 2006), their low stellar masses frequently result
in a low surface brightness. Due to the Malmquist bias, extensive studies of DGs have therefore
only been carried out in the Local Group (e.g. Hunter, Hawley & Gallagher, 1993; Mateo, 1998;
Begum et al., 2008; Tolstoy, Hill & Tosi, 2009) and within the Local Volume (e.g. Kennicutt et al.,
2008; Kirby et al., 2008; Bouchard, Da Costa & Jerjen, 2009; Dalcanton et al., 2009; Young et al.,
2014). Few analyses of DGs extend beyond 10 Mpc distance. These studies have been typically
focussed on Blue Compact Dwarf galaxies (BCDGs; Gil de Paz, Madore & Pevunova, 2003;
Izotov & Thuan, 2004; López-Sánchez & Esteban, 2008; Cairós et al., 2009; Hunter, Elmegreen
& Ludka, 2010; Karthick et al., 2014) that show intense star-forming knots within a clumpy Ha
morphology. Analyses of H II regions in dwarf galaxies are important for understanding their
star-formation history. Observationally, emission-line diagnostics (e.g. Kewley & Dopita, 2002;
Dopita et al., 2006, 2013) or theoretical evolution synthesis models (e.g. Leitherer et al., 1999;
Bruzual & Charlot, 2003; Mollá, García-Vargas & Bressan, 2009) can be used to constrain the
physical parameters of extragalactic H II regions and their host galaxies.
The Ha luminosity function of H II regions in BCDGs covers the range 1036–1041 erg s 1,
and seems to follow those of larger nearby galaxies (Oey & Clarke, 1998; Youngblood & Hunter,
1999; Bradley et al., 2006). H II regions with Ha luminosities on the order of > 1040 erg s 1 (the
top percentile of the H II region luminosity function) are of particular interest as they are the hosts
of the most extreme star formation events, which drive the evolution of galaxies. For comparison,
the famous H II complex 30 Doradus (NGC2070) in the Large Magellanic Cloud (LMC) has an
Ha luminosity of 1:5  1040 erg s 1 (Kennicutt, 1984), a metallicity of 12+log(O/H) = 8:33
0:02 (Peimbert, 2003), and it is currently forming a massive star cluster (Bosch, Terlevich &
Terlevich, 2009). SBS 0335-052E, II Zw 40 and J1253-0312 (Pustilnik, Pramskij & Kniazev,
2004; Moustakas &Kennicutt, 2006; Guseva et al., 2011) are BCDGs that occupy the very extreme
end of the H II region luminosity function with a Ha luminosities> 1041 erg s 1. In a massive star
cluster the first supernovae will occur roughly a million years after the initial burst of star formation
and may expel a large fraction of the gas within. Therefore a sustained star formation rate (SFR)
of order 0.1M yr 1 is required for the formation of a cluster of  105M.
Some works have shown that galaxy interactions trigger strong star-formation activity in dwarf
galaxies (e.g. Koribalski & López-Sánchez, 2009). The multiwavelength analysis of BCDGs per-
formed by López-Sánchez (2010) found that the majority of them were clearly interacting or merg-
ing with low-luminosity dwarf objects or H I clouds. The interacting features were only detected
by deep optical spectroscopy and detailed multiwavelength analysis, which includes a study of
the kinematics and distribution of the neutral gas. Indeed, many times the disturbances were
found when examining the neutral gas, as was the case in the dwarf galaxies NGC1705 (Meurer,
Staveley-Smith & Killeen, 1998), NGC625 (Cannon et al., 2004), NGC1569 (Mühle et al., 2005),
IC 4662 (van Eymeren et al., 2010) and NGC5253 (López-Sánchez et al., 2012a). This is often
the case because low mass companions often have a high gas fraction and are therefore visible in
H I emission. Moreover, aperture synthesis observations of spectral lines are usually performed at
high spectral resolution, allowing kinematic maps of these sources to be produced. An example of
a merger-induced star formation event in a dwarf system is SBS 1319+579 (López-Sánchez & Es-
teban, 2009), where long slit spectroscopy revealed differing velocity components for the merging
systems.
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Luminous H II regions can also be created stochastically by processes internal to a galaxy.
For example, star formation could either be triggered by density waves propagating through an
irregular distribution of H I (Gerola, Seiden & Schulman, 1980) or solely by the gravitational
collapse of a gas cloud within the galaxy disc (Lada et al., 2008). Bauer et al. (2013) analysed the
SFRs and specific-SFRs (SSFRs) of low-mass (< 1010M ) galaxies within the GAMA-I survey
and concluded that their star formation histories (SFHs) require stochastic bursts of star formation
superimposed onto an underlying exponentially declining SFH. This is enhanced in low-mass
galaxies as they have fewer individual star forming regions compared to more massive galaxies
(Lee et al., 2009).
Clumpy star-forming galaxies at higher redshift (z 1–2), so called ‘clump-clusters’ (Elmegreen,
Elmegreen & Hirst, 2004), host star forming clumps (regions) with diameters on the scale of a few
kpc (Wisnioski et al., 2012). Local dwarf-irregular galaxies have been used as analogues for these
higher redshift galaxies, as they can be seen as currently undergoing the same evolutionary phase.
The difference is the timescale over which these large star forming regions and the host galaxy
evolve; inversely proportional to their stellar mass. Today most of these clump-clusters have
evolved into smooth discs, leaving dwarf irregulars as a visible example of this phase (Elmegreen
et al., 2009).
Observationally, extragalactic H II regions are best identified with spatially-resolved spec-
troscopy or emission-line imaging. Broad-band photometry using g-r vs. r-i colour-colour dia-
grams (Cardamone et al., 2009; Izotov, Guseva & Thuan, 2011) or narrow-band Ha imaging can
be used to identify H II regions with strong emission lines, but they are unable to obtain line ratios
and velocity information. Integral field spectroscopy (IFS), on the other hand, can trace dynamics,
metallicities and gas processes through line velocities and abundances, which can help to identify
the triggers for star formation. Besides some analyses of individual objects (e.g. James et al.,
2009; James, Tsamis & Barlow, 2010; Monreal-Ibero et al., 2010; López-Sánchez et al., 2011;
Pérez-Montero et al., 2011), few IFS surveys, with the exception of the Small Isolated Gas Rich
Irregular Dwarf galaxy survey (SIGRID, 83 DGs; Nicholls et al., 2011), the IFS - Blue Compact
Galaxy survey (IFS-BCG, 40 DGs; Cairós et al., 2012), and the Choirs survey (Choirs, 38 DGs;
Sweet et al., 2013), have been targeting dwarf galaxies. As all of these works used a single Inte-
gral Field Unit (IFU) instrument, the time taken to gather their data has been lengthy. The quoted
number of targets for each survey is the proposed quantity, with no survey complete at the time of
writing.
The SAMI Galaxy Survey (Croom et al., 2012; Bryant et al., 2015; Sharp et al., 2015; Allen
et al., 2015a), which uses the Sydney-AAO Multi-object Integral field spectrograph (SAMI), de-
ployed at prime focus on the 3:9m Anglo-Australian Telescope (AAT), started observations in
early 2013, and seeks to obtain spatially resolved spectra for  3400 galaxies over 3 years. This
survey has the ability to identify and analyse H II complexes in galaxies with a large range of
stellar masses (7:4 . log(M/M) . 12:7). The survey is volume-limited with steps in redshift
(see Bryant et al. (2015) for details of the target selection). Consequently  400 galaxies in the
sample will have stellar masses< 109M. Upon visually checking 70 DGs that have already been
observed with SAMI, GAMAJ141103.98-003242.3 stood out due to an unusually luminous H II
complex located at the edge of the galaxy, which was strikingly visible in its Ha map, but barely
seen in the continuum maps. This galaxy and its luminous H II complex are the focus of the work
presented here.
In Section 2 we present existing data on GAMAJ141103.98-003242.3; Section 3 we describe
the SAMI observations that are the focus of this paper; Section 4 we detail measurements made
from the SAMI data; Section 5 we discuss likely mechanisms that are driving the evolution of
GAMAJ141103.98-003242.3. In this paper we assume the standard LCDM cosmology with
Wm = 0:3, WL = 0:7 and H0 = 73 km s 1Mpc 1.
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GAMA 567676 = GAMAJ141103.98-003242.3
RA (J2000) 14:11:03.98
DEC (J2000) -00:32:42.39
z 0:0259
d [Mpc] 106
Re 4:003= 1:5 kpc
i [] †  35
log(Mstars/M) 8:520:13
log(Mgas/M)  9:62
log(Mbar/M)  9:66
Mgas/Mstars  11:2
vrot;HI [ km s 1]  55
log(Mdyn/M)  9:74
Ha-SFR [M yr 1] (GAMA) 0:121
FUV -SFR [M yr 1] 0:580:24
H II complex Rest of the galaxy
EW(Ha) [Å] 45111 34:83:2
EW(Hb ) [Å] 1374 6:81:6
F(Ha) [10 16 erg s 1 cm 2] ‡ 13838 5415
L(Ha) [1039 erg s 1] 18:55:2 7:32:0
log(MHII/M) 5:580:11 5:020:11
log(M?/M) 5:81 6:53
Equivalent O7V stars 1360 538
Age of most recent starburst [Myr] 4:80:2 7:90:4
E(B V ) [mag] 0:240:01 0:210:04
12+log(O/H) 8:010:05 8:180:11
log(N/O)  1:430:06  1:510:10
Ha-SFR [M yr 1] 0:1470:041 0:0580:016
† Derived from the ellipticity on GAMA’s Sersic fit to the r-band photometry.
‡ Error is currently dominated by a 28 per cent error in SAMI’s absolute flux calibration, and in all values derived from it (see Allen
et al. (2015a) for more details).
Table 3.1: Derived properties for GAMAJ141103.98-003242.3 and its bright H II complex. Values in the upper section
of the table have been derived from previous studies. The values in the lower half of the text have been derived from
the SAMI data cube as described in the text. Mstars is stellar mass, Mgas is neutral gas mass (including helium), Mbar
is baryonic mass, Mdyn is dynamical mass, MHII is ionised gas mass and M?is stellar ionising cluster mass. ‘Rest of
the galaxy’ excludes the H II complex.
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Figure 3.1: The HIPASS radio spectrum in the
direction of GAMAJ141103.98-003242.3. This
spectrum shows evidence for a 21 cm neutral hy-
drogen emission feature at the redshift of the
galaxy with a flux of 1:4 Jy km s 1 (central dot),
a 50 per cent velocity width of 63 km s 1 (in-
ner two dots), and an 80 per cent velocity width
of 88 km s 1 (outer two dots). The FWHM of
the Parkes gridded beam is 15:5 arcmin. The
typical rms noise in HIPASS is 13 mJy beam 1.
The measured H I peak flux is  2:5s , the in-
tegrated flux is  4s . The HIPASS channel
width is 13:2 km s 1; the velocity resolution is
18 km s 1. VOPT is the velocity scale of the
HIPASS data with respect to the solar barycen-
tre in the usual optical (cz) convention.
3.2 Existing data on GAMAJ141103.98-003242.3
In this section we introduce the properties of GAMAJ141103.98-003242.3 as determined by prior
observations. It was observed by GAMA (Driver et al., 2011; Hopkins et al., 2013), who find
a spectroscopic redshift of z = 0:0259 (106Mpc), and from the SDSS photometry find a Sersic
radius of 4:26 arcsec (1:98 kpc; Kelvin et al., 2012) and a stellar mass of log(Mstars/M) = 8:52
0:13 (Taylor et al., 2011).
The main properties of this galaxy are tabulated in Table 3.1. GAMA also calculates an
aperture-corrected star-formation rate (SFR) of 0:121M yr 1 (Gunawardhana et al., 2013). SDSS
optical (Petrosian r-band magnitude of 18:16; Abazajian et al., 2009) and GALEX UV photome-
try (Morrissey et al., 2007) are also available for this galaxy. The measured FUV magnitude and
FUV–NUV colour are 20:63 0:05 and 0:29 0:05 respectively, and applying the Salim et al.
(2007) calibration to their respective fluxes, a FUV -based SFR of 0:580:24M yr 1 is found.
This galaxy has a 4s detection of the H I 21-cm line using the H I Parkes All-Sky Survey
(HIPASS; Barnes et al., 2001) measured over multiple channels, as shown in Fig. 3.1. This trans-
lates into an H I mass of log(MHI/M)  9:50 and a 50 per cent velocity width of 63 km s 1.
Neglecting the molecular gas (which is expected to be very low in low-metallicity galaxies), and
accounting for helium (25 per cent), the total neutral gas mass is log(Mgas/M)  9:62. Hence, the
baryonic mass is log(Mbar/M)  9:66 and the gas-to-stellar mass ratio Mgas/Mstars  11:2. As-
suming that the motion of the neutral gas is due to disc rotation and considering an apparent incli-
nation angle of i 35 (as measured from the ellipticity values from the GAMA Sersic fit), we esti-
mate a maximum rotational velocity amplitude of vrot;HI 55 km s 1. Considering that the neutral
gas may be extended at least up to 4 times the optical size of the galaxy (4Re = 7:9 kpc; e.g.
Warren, Jerjen & Koribalski, 2004), this yields to a total dynamical mass of log(Mdyn/M)  9:74.
Therefore, this dwarf galaxy possesses at least a mass of log(M/M)  8:97 in the form of dark
matter. It should be noted that the HIPASS beam FWHM is 15 arcmin. However, given that the
redshift of the H I detection closely matches the optical redshift of the galaxy (vopt = 7765 km s 1,
vHI  7675 km s 1) and that there are no catalogued galaxies at the same redshift, it is highly
likely that the detected neutral gas is associated with GAMAJ141103.98-003242.3.
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3.3 Observations and data reduction
The data on which this analysis is based were obtained with the SAMI instrument. SAMI deploys
13 hexabundles (Bland-Hawthorn et al., 2011; Bryant et al., 2014) over a 1 degree field at the
Prime Focus of the AAT. Each hexabundle is made up of 61 optical fibres, circularly packed, with
each having a core size of 1:6 arcsec, resulting in a hexabundle field of view (f.o.v) of 15 arcsec
diameter. All 819 fibres (793 object fibres and 26 sky fibres) feed into the AAOmega spectrograph
(Sharp et al., 2006), configured to a wavelength coverage of 370–570 nm with R= 1730 in the blue
arm, and 625–735 nm with R = 4500 in the red arm. Twelve galaxies are observed in one point-
ing, along with a secondary standard star that is used for telluric correction and PSF sampling. All
frames have a flux zero-point respective to a stand-alone primary standard star observation in one
of the bundles, meaning variable sky conditions between the primary standard star observation
and the galaxy frames is not taken into account. Due to this, in addition to SAMI’s data reduc-
tion pipeline, which is still in development, preliminary absolute flux calibration is found to be
consistent across the survey data set to  6 per cent. However, a residual baseline offset uncer-
tainty between frames taken in variable conditions is not yet accounted for and hence we estimate
a 28 per cent uncertainty in this early survey data Allen et al. (see 2015a, for more details).
GAMAJ141103.98-003242.3 was observed using SAMI on 2013 March 15, with some high
level clouds, and a seeing of  2 arcsec. A seven point dither was performed to achieve near-
uniform spatial coverage, with 1800 s exposure time for each frame, totalling 3:5 h.
The raw data were reduced using the AAOmega data reduction pipeline, 2dfDR1, followed by
full alignment and calibration through the SAMI Data Reduction pipeline (see Sharp et al. (2015)
for a detailed explanation of this package). The resulting product of SAMI-DR is a data cube for
each of the blue and red observations, both of which have been flux calibrated and corrected for
differential atmospheric refraction.
To obtain the line, velocity and velocity dispersion maps of each galaxy (subtracted for in-
strumental broadening), the reduced cubes were fitted using a new IFU line fitting package called
LZIFU (see Ho et al. in prep for a detailed explanation of this package). This software makes use
of the pPXF (Cappellari & Emsellem, 2004) stellar template fitting routine as well as theMPFIT li-
brary (Markwardt, 2009) for estimating emission line properties. LZIFU has the ability to perform
multi-component Gaussian fits to each emission line, though in the case of GAMAJ141103.98-
003242.3 only a single component was fitted as a multicomponent fit did not give a significant
improvement in the reduced chi-squared. It was from the product of LZIFU that this system
was identified. To perform detailed analysis, IRAF2 software was used to analyse the summed,
aperture-extracted 1D spectra. Line fluxes and equivalent widths were measured by integrating
all the flux in the line between two given limits and over a local continuum estimated by visual
inspection of the spectra. Visual inspection of the spectra is needed to get a proper estimation of
the adjacent continuum and hence a reliable line flux estimation when emission lines are faint.
The errors associated with the line flux measurements were estimated by remeasuring the noise
(rms) in the adjacent continuum of each emission line.
12dfDR is a public data reduction package managed by the Australian Astronomical Observatory, see
http://www.aao.gov.au/science/software/2dfdr.
2IRAF (Image Reduction and Analysis Facility) is distributed by NOAO which is operated by AURA Inc., under
cooperative agreement with NSF.
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Figure 3.2: Diagnostic plots for GAMAJ141103.98-003242.3. (a) and (b) are the SDSS g- and r-band images. (c) and
(d) are the LZIFU fitted continuum maps. (e) is the SDSS 3-colour thumbnail. (f) and (g) are the Hb and Ha maps
respectively (normalised to 10 16 ergs s 1 cm 2). (h) is the log(EW(Ha )) map in units of Å. (i) is the BPT diagram
where the spaxels are colour-coded such that the red points are the spaxels within the H II complex, and the blue spaxels
are the rest of the galaxy. The black solid and dotted lines represent the star formation limits as prescribed by Kewley
et al. (2001) and Kauffmann et al. (2003a) respectively. (j) is the Ha velocity field in km s 1. (k) is the Ha velocity
dispersion in km s 1. In all images, the box is 15 15 arcsec (0:5-arcsec per pixel), the large black circle enclosing
the galaxy has a diameter of 15 arcsec, and the small black circle (centred about the H II complex) has a diameter of
4 arcsec. In all images, North is up and East is left.
3.4 Results
The products of LZIFU give spatially-resolved information regarding the distribution of ionised
gas in GAMAJ141103.98-003242.3. From the data collected, maps were generated of the Ha ,
Hb , [N II] l 6583, [O III] l 5007 and [O II] l 3727 distribution, as well as the line-of-sight velocity
field. A sample of these are displayed in Fig. 3.2. A bright emission region, located  5:1 arcsec
(1:2Re = 2:6 kpc) north-west of the galaxy centre, clearly appears in the Ha map – at the same
velocity as the galaxy. This is interpreted as an off-centre, luminous star forming complex within
the dwarf galaxy. A 2-dimensional Gaussian fit to the H II complex in the SDSS r-band image
gives a FWHM of 1:2 arcsec. This places an upper limit of 600 pc on its diameter, implying that
the H II complex is unresolved by both SDSS and the SAMI Galaxy Survey.
From the emission line fits, we are able to produce maps of the velocity and velocity dispersion
in the interstellar medium of GAMAJ141103.98-003242.3. These maps are displayed in Fig. 3.2.
The gas velocity map is typical of a disc rotating about a northwest-southeast axis with a maximum
amplitude of approximately 25 km s 1, which is approximately half of the vrot;HI estimated from
the 21-cm H I line. The velocity map displays a smooth gradient across the entire field of view,
suggesting that the H II complex is co-rotating with the galaxy.
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Figure 3.3: Binned optical spectrum of the H II complex (top) and the rest of the galaxy (bottom) using SAMI data. ‘Rest
of the galaxy’ excludes the H II complex. The main emission lines are identified by red dotted lines. The wavelength
scale is expressed in the rest frame of the galaxy. The red spectrum only shows the ll 6250–7175 range. Note that the
flux scales in both the blue and red spectra have been truncated in order to accentuate the weaker emission lines.
Areas of the data cube corresponding to the H II complex and the remainder of the galaxy were
binned to obtain measurements with reduced random errors. A circle of radius 2 arcsec, centred
on the peak of the Ha intensity, was used to delimit the zone of the cube regarded as part of the
H II complex. The binned spectrum of the H II complex and the rest of the galaxy are shown in
Fig. 3.3, with all emission lines measurements performed manually (as discussed in Section 3).
In the binned spectrum of the H II complex we also detect emission lines of He I, He II, [O I],
[S II], [S III], [Ne III], [Ar III] and [Ar IV], as well as the auroral [O III] l 4363 line and many
H I Balmer lines. The complete list of emission lines detected is shown in Table 3.2, which also
includes the dereddened line intensity ratios with respect to I( Hb ) = 100. The presence of high-
excitation ions such as [Ar IV] or He II indicates the high degree of ionization of the gas. We have
followed the same prescriptions described in López-Sánchez & Esteban (2009) to determine the
physical conditions (electron density, electron temperature, ionization degree, and reddening) and
chemical abundances of this H II complex. The reddening coefficient, c(Hb ), was computed using
3 pairs of H I Balmer lines assuming their theoretical ratios for case B recombination given by
Storey & Hummer (1995) and a Cardelli, Clayton & Mathis (1989) extinction law. We assume the
same Wabs for all Balmer lines and contributions other than extinction and stellar absorption are
negligible, with bothWabs and c(Hb ) being simultaneously optimised to best match the observed
Balmer pair ratios. A full description of this method is given in Mazzarella & Boroson (1993)
and López-Sánchez & Esteban (2009). This method, applied to each detectable Balmer line,
provides a consistent value of c(Hb )= 0:340:02. The electron density, computed via the [S II]
ll 6716;6731 doublet, is ne = 14030 cm 3.
The detection of the [O III] l 4363 line allows us to compute the electron temperature via the
[O III] (l 4959+l 5507)/l 4363 ratio, Te([O III]) = 14000650K. We then assumed a two-zone
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approximation to define the temperature structure of the nebula, using Te([O III]) as representa-
tive of high-ionization potential ions. The electron temperature assumed for the low-ionization
potential ions was derived from the linear relation between Te([O III]) and Te([O II]) provided by
Garnett (1992). We finally derived the ionic and total abundances of O, N, S, Ar and Ne, as well
as the N/O, S/O, Ar/O and Ne/O ratios, for this H II complex following the direct method. The
results are compiled in Table 3.3. In particular, we find a very high excitation degree in the gas,
log(O++/O+)= 0:780:09, and derive 12+log(O/H)= 8:010:05 and log(N/O)= 1:430:06.
These values are typical for H II regions in BCDGs (e.g., Izotov & Thuan, 1999; Izotov et al., 2004;
López-Sánchez & Esteban, 2010).
We have combined all of the spaxels of the galaxy, excluding those belonging to the H II com-
plex, to quantify its global extinction and metallicity. However, now only the brightest emission
lines are detected (see Table 3.2), and hence we have to resort to strong-line methods (SEL) to
determine the oxygen abundance of the gas. Table 3.4 compiles the results for the metallicity of
the ionized gas following the most-common SEL techniques. For comparison, Table 3.4 also lists
the oxygen abundance derived in the H II complex following the same empirical methods. Besides
the problem of the absolute abundance scale (see López-Sánchez et al., 2012b, for details), it is
clear that the H II complex has oxygen abundances which are systematically  0:2 dex lower than
those observed in the rest of the galaxy. Assuming an oxygen abundance of 12+log(O/H)= 8:18
(the average obtained using the Te-based SEL methods), we computed electron temperatures, ionic
and total abundances for the rest of the galaxy, which are compiled in Table 3.3. Using the same
method as used on the H II complex, for the rest of the galaxy we calculate c(Hb )= 0:31 0:04
andWabs= 0:80:2 Å .
72 per cent of all the Ha emission of GAMAJ141103.98-003242.3 is found in the H II
complex. Using the extinction-corrected Ha flux we derive a total Ha luminosity of (18:5
5:2)1039 erg s 1 for the H II complex. Applying the Kennicutt (1998) relationship under the
assumption of a Salpeter (1955) stellar initial mass function, we estimate a SFR of 0:147
0:041M yr 1. Using an O7V Ha luminosity of 1:36 1037 erg s 1 from Schaerer & Vacca
(1998), the number of equivalent O7V stars needed to explain the Ha luminosity is 1360; simi-
lar to the number estimated for 30 Doradus (Doran et al., 2013). Using prescriptions from Díaz
(1998), the mass of ionized gas, log(MHII/M)= 5:58 0:11, and the mass of the stellar ioniz-
ing cluster, log(M?/M)= 5:81, also matches those values found in 30 Doradus (Faulkner, 1967;
Bosch, Terlevich & Terlevich, 2009). Assuming an instantaneous burst with Z = 0:008 and con-
sidering the Starburst 99 models (Leitherer et al., 1999), the Ha equivalent width indicates that the
last star-formation event in this H II complex happened 4:8Myr ago. These values are tabulated in
Table 3.1.
The combined Ha-SFR of the galaxy including the H II complex is 0:21 0:06M yr 1,
which is higher than that measured by GAMA, though lower than the FUV -SFR measured from
GALEX. It has been observed that the FUV -SFR is usually higher than the Ha-SFR in dwarf
galaxies (e.g. Lee et al., 2009). The discrepancy with the GAMA SFR could be explained by an
inadequate aperture correction, as a 2 arcsec fibre aperture placed on GAMAJ141103.98-003242.3
would miss its H II complex.
3.5 Discussion & Conclusions
The analysis of GAMAJ141103.98-003242.3 has revealed a luminous H II complex with a SFR
high enough to create a massive star cluster. This system has interesting implications for our
understanding of dwarf galaxy star formation and evolution in the Local Universe. This galaxy
is both visually and spectroscopically similar to the LMC-30 Doradus system, in hosting a single
dominant star forming region in the outer disc, and in many ways could be considered as a more
distant analogue of one of our nearest neighbours.
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Off-centered bright star-forming regions are often found in BCDGs (e.g. Loose & Thuan,
1986; Cairós et al., 2001; Gil de Paz, Madore & Pevunova, 2003; López-Sánchez & Esteban,
2008), but as we have shown in this paper, with IFU data we obtain detailed chemical and kine-
matic information. This allows us to probe the physical mechanisms that can explain the presence
of this H II complex in GAMAJ141103.98-003242.3; either by external triggering or by the in-
trinsic stochasticity of star formation in an undisturbed system. With the data available there is no
indication that the onset of star formation has been induced by an interaction with a companion.
In particular there appear to be no kinematic disturbances in the ionised gas in the galaxy. The
smooth kinematic distribution and low velocity dispersion at the location of the H II complex are
suggestive it is located in an undisturbed, rotationally supported disc.
The main difference between GAMAJ141103.98-003242.3 and the LMC is its isolation. GAMA
assigns it one companion, GAMAJ141120.29-002950.8, which is  5 arcmin, to the North-East
and a physical separation of 4Mpc. There is no other catalogued companion (GAMA or SDSS)
within 300 km s 1 and a 20 arcmin radius of GAMAJ141103.98-003242.3. Visual inspection of
optical (SDSS, r . 23) and NIR (2MASS, Ks . 13:5) imaging for this region revealed no indica-
tion of companion galaxies similar to or larger than GAMAJ141103.98-003242.3.
The HIPASS data revealed a significant amount of H I in the vicinity of GAMAJ141103.98-
003242.3, indicating Mgas/Mstars  11:2, with log(MHI/M)  9:5 (LMC log(MHI/M)  8:7;
Brüns et al., 2005). Thus, the galaxy potentially has access to a large reservoir of neutral gas. The
apparent lower metallicity of the H II complex may suggest that the gas feeding the star formation
has fallen in from the outer parts of the H I disc following its expulsion during a previous episode
of activity. Alternatively, the gas may have been supplied by an interaction with a companion
galaxy as has been seen previously in other DG systems (e.g. López-Sánchez et al., 2012a), al-
though the gas fraction with respect to the stellar mass and metallicity is not abnormal for similar
galaxies (Huang et al., 2012; Hughes et al., 2013). A lower mass companion that is less obvi-
ous could play a part, as seen in Tol 30 where an H I tail extends towards a smaller dwarf galaxy
(López-Sánchez et al., 2010, López-Sánchez et al. in prep). With no obvious companion near
GAMAJ141103.98-003242.3, and the fact that any galaxy too faint to be detected in the SDSS
image would have an even more extreme gas/star ratio, the origin of the H I gas from a previous
interaction is both unlikely and unnecessary. Only with resolved H I mapping of the region around
GAMAJ141103.98-003242.3 can a conclusion of its role on the H II complex be made.
The use of the term ‘H II complex’ in this work highlights the unresolved nature of this region,
which warrants caution when deriving physical quantities. Pleuss, Heller & Fricke (2000) showed
that the Ha flux of H II regions can contribute up to  40 per cent of the total Ha flux of a
nearly well-resolved galaxy, but up to  75 per cent in the case where the spatial smoothing
has been applied. This occurs because what used to be resolved H II regions have now become
an H II complex due to the smoothing. Due to this, such unresolved H II complexes are likely
host to a collection of smaller H II regions, but it has been found that it is more likely for the
convolution of smaller H II regions to produce an even light distribution instead of a point source
distribution appearing as a single H II region (Elmegreen et al., 2009, 2014). If dwarf galaxies
with intense star forming regions are remnants of the same evolutionary phase that clump-clusters
went through, it is not unrealistic for this H II complex to be dominated by a single H II region
(alike to 30 Doradus). With clump-clusters’ growth being dominated not by merging activity,
but rather smooth gaseous inflow (Elmegreen et al., 2009), the high gas fraction and isolation
of GAMAJ141103.98-003242.3 strengthens the scenario of stochastic gravitational collapse as
opposed to interaction triggered star formation.
The H II complex has a measured Ha luminosity of 1040:27 erg s 1, velocity dispersion '
25 km s 1and a diameter of . 600 pc. This agrees with the scaling relations found by Wisnioski
et al. (2012) for high-z L galaxies (e.g. clump-clusters; velocity dispersion µ radius µ Ha
luminosity µ Jeans mass), even though the H II complex analysed here is hosted in a dwarf galaxy.
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In comparison to the work by Bauer et al. (2013), the SFR and SSFR of GAMAJ141103.98-
003242.3 including the H II complex are average for other galaxies of similar stellar mass. How-
ever, the SFR and SSFR of GAMAJ141103.98-003242.3 excluding the H II complex are at the
extreme lower bounds for the same mass bin. This hints at a case where the star formation in
such dwarf galaxies are typically dominated by a similar, single H II complex. Taking into account
GAMAJ141103.98-003242.3’s high gas fraction, we conclude that even though this H II complex
is significant for the galaxy itself (contributing 72 per cent of the total SFR of the galaxy), it is not
currently experiencing a burst in its SFH where most of its stellar mass is formed. This is consis-
tent with the work of Weisz et al. (2011), which found that dwarf galaxies formed their underlying
stellar population (accounting for  85 per cent of their stellar mass) prior to z = 1, with the rest
of the stellar mass being formed by younger starbursts happening over the last 1 billion years.
These findings lead to the questions: 1. Where do the intense star forming regions of dwarf
galaxies (z  0:001–0:1) lie on known scaling relations of clump-clusters? 2. What fraction of
dwarf galaxies are undergoing extreme star formation in localised H II complexes and what is their
duty cycle? These questions are outside the scope of this paper, but suit well to future analysis
of a sample of dwarf galaxies obtained with instruments such as SAMI3, KMOS4 and MaNGA5.
Considering the SAMI Galaxy Survey will observe 400 dwarf galaxies over the next few years, it
will be possible to rigorously test this sample for more galaxies like GAMAJ141103.98-003242.3,
in the pursuit of understanding the star formation history of dwarf galaxies in the local universe
and their place in the downsizing of star formation.
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3.7 Internal Appendix
Table 3.2 compiles the dereddened line intensity ratios with respect to I( Ha )= 100. Table 3.3
lists the results of the chemical abundance analysis for the H II complex discovered in the galaxy
GAMAJ141103.98-003242.3 and the center of the galaxy. Table 3.4 compiles the oxygen abun-
dances derived using the most commonly used strong emission-line methods.
3SAMI: http://sami-survey.org/
4KMOS: http://www.eso.org/sci/facilities/develop/instruments/kmos.html
5MaNGA: http://www.sdss3.org/future/manga.php
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Line f (l ) H II complex Rest of the galaxy
[O II] 3728 0:322 91:35:6 35252
H11 3770 0:313 5:520:42 ...
[Ne III] 3869 0:291 60:43:8 ...
HeI 3889 + H8 0:286 20:92:2 ...
[Ne III] 3969 + H7 0:267 36:73:6 ...
Hd 4101 0:230 26:12:0 25:0 :
Hg 4340 0:157 47:52:3 436:7
[O III] 4363 0:150 11:40:8 ...
He I 4471 0:116 3:870:45 ...
He II 4686 0:050 0:51 : ...
[Ar IV] + He I 4712 0:043 1:720:32 ...
[Ar IV] 4740 0:034 0:99 : ...
Hb 4861 0:000 100:03:6 10014
[O III] 4959  0:025 23411 16823
[O III] 5007  0:037 69530 48258
[O I] 6300  0:262 1:700:46 ...
[S III] 6312  0:264 1:730:79 ...
[O I] 6364  0:271 0:780:11 ...
[N II] 6548  0:295 1:750:17 6:25 :
Ha 6563  0:297 27912 28134
[N II] 6583  0:300 4:880:29 16:72:1
He I 6678  0:312 3:170:35 ...
[S II] 6716  0:318 7:670:44 38:94:7
[S II] 6731  0:319 6:010:35 24:63:9
He I 7065  0:364 2:740:42 ...
[Ar III] 7135  0:373 10:330:57 20:93:8
EW(Ha) [Å] 45111 34:83:2
EW(Hb ) [Å] 1374 6:81:6
EW(Hg) [Å] 44:21:6 1:70:4
EW(Hd ) [Å] 22:80:9 1:1 :
FHb 22:66:3† 9:42:6†
c( Hb ) 0:340:02 0:310:04
Wabs [Å] 0:00:1 0:80:2
 Units of 10 16 erg cm 2 s 1
† Error is currently dominated by a 28 per cent error in SAMI’s absolute flux calibration, and in all values
derived from it (see Allen et al. (2015a) for more details).
Table 3.2: Dereddened line intensity ratios with respect to I(Hb )=100 for the H II complex discovered in the galaxy
GAMAJ141103.98-003242.3. The ionized gas observed in the rest of the galaxy is also presented. At the bottom of
the table we also give the Hb flux, the reddening coefficient, c( Hb ), the equivalent widths of the absorption in the
hydrogen lines, Wabs, and the equivalent widths of the emission H I Balmer lines. The value of f (l ) considering the
Cardelli, Clayton & Mathis (1989) extinction law and used for dereddening the line intensity ratios are also included.
A colon denotes an error of larger than 40%.
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H II complex Rest of the galaxy
Te[O III] [K] 14000650 127501000
Te[O II] [K] 12800450 11930800
ne [cm 3] 14030 100
12+log(O+/H+) 7:160:07 7:850:13
12+log(O++/H+) 7:940:05 7:900:09
12+log(O/H) 8:010:05 8:180:11
log(O++/O+) 0:780:09 0:050:15
12+log(N+/H+) 5:740:05 6:350:08
12+log(N/H) 6:580:09 6:670:11
log(N/O)  1:430:06  1:510:10
12+log(S+/H+) 5:270:04 5:990:07
12+log(S++/H+) 6:060:18 ...
12+log(S/H) 6:270:16 ...
log(S/O)  1:740:21 ...
12+log(Ne++/H+) 7:290:06 ...
12+log(Ne/H) 7:360:12 ...
log(Ne/O)  0:650:07 ...
12+log(Ar++/H+) 5:670:06 6:060:12
12+log(Ar+3/H+) 5:000:11 ...
12+log(Ar/H) 5:770:07 5:900:20
log(Ar/O)  2:240:12  2:290:22
c( Hb ) 0:340:02 0:310:04
Wabs [Å] 0:00:1 0:80:2
Table 3.3: Physical conditions and chemical abundances of the ionized gas for the H II complex discovered in the
galaxy GAMAJ141103.98-003242.3 and the rest of the galaxy when this region is not considered. In this latter case,
the electron temperatures were estimated as those that best reproduce the oxygen abundance computed via the SEL
methods based on Te. Bold values are those of most interest.
c( Hb ) Wabs [Å] Te M91 KD02 KK04 PT05 P01 PP04a PP04c Adopted Branch
Parameters R23, y R23, y R23, y R23, P R23, P N2 N2O3 MKD PPP
H II complex 0:340:02 0:00:1 8:010:05 8:17 8:33 8:35 7:99 7:88 7:90 7:90 8:28 7:92 Low
Rest of the galaxy 0:310:04 0:80:2 ... 8:35 8:51 8:52 8:25 8:13 8:20 8:12 8:45 8:18 Intermediate
Difference ... ... ... 0:18 0:18 0:17 0:26 0:25 0:30 0:22 0:18 0:26 ...
Table 3.4: Oxygen abundances derived using the most commonly used strong emission-line methods. The strong
emission-line calibrations are: M91: McGaugh (1991); KD02: Kewley & Dopita (2002); KK04: Kobulnicky & Kewley
(2004) PT05: Pilyugin & Thuan (2005); P01: Pilyugin (2001a,b); PP04a: Pettini & Pagel (2004), using a linear fit to
the N2 parameter; PP04c: Pettini & Pagel (2004), using the O3N2 parameter. The last two columns list the average
abundance value using all the empirical methods, the Te method is not considered here. We provide two results: PPP,
which considers the average value obtained with the PT05, P01, PP04a and PP04c calibrations and MKD, which
assumes the average value of the M91, KD02, and KK04 calibrations. The typical uncertainty in these values is
 0:10 dex. Bold values are those of most interest.
45
4 | Polymer Imaging Bundles
In Astronomy
Preamble
The motivation of this work came from the need to find an alternative solution to the guiding
system on SAMI. At that time, SAMI had an inconvenient guide camera suspended above the field
plate, which set undesirable constraints on SAMI’s target selection. Moving to fibre bundles for
field acquisition and guiding relieved these constraints, however current silica imaging bundles
remain expensive with poor efficiency (limiting the observable magnitude of guide stars). New
polymer imaging bundles made for industry applications such as endoscopy were found to be a
novel alternative. They were considerably cheaper and had significantly higher throughput than
the silica bundles over short lengths. Full laboratory characterisation to validate their use in SAMI
led to discovering their other possible applications in astronomical instrumentation. This chapter
is the content of the submitted paper listed below with minor changes to the formatting.
Title
Performance of a novel PMMA polymer imaging bundle for field acquisition and wavefront
sensing
Abstract
Imaging bundles provide a convenient way to translate a spatially coherent image, yet conven-
tional imaging bundles made from silica fibre optics typically remain expensive with large losses
due to poor filling factors ( 40%). We present the characterisation of a novel polymer imaging
bundle made from poly(methyl methacrylate) (PMMA) that is considerably cheaper and a better
alternative to silica imaging bundles over short distances ( 1m; from the middle to the edge of a
telescope’s focal plane). The large increase in filling factor (92% for the polymer imaging bundle)
outweighs the large increase in optical attenuation from using PMMA (1 dB/m) instead of silica
(10 3 dB/m). We present and discuss current and possible future multi-object applications of the
polymer imaging bundle in the context of astronomical instrumentation including: field acquisi-
tion, guiding, wavefront sensing, narrow-band imaging, aperture masking, and speckle imaging.
The use of PMMA limits its use in low light applications (e.g. imaging of galaxies), however it is
possible to fabricate polymer imaging bundles from a range of polymers that are better suited to
the desired science.
S. N. Richards; S. Leon-Saval; M. Goodwin; J. Zheng; J. S. Lawrence;
J. J. Bryant; J. Bland-Hawthorn; B. Norris; N. Cvetojevic; A. Argyros
Publications of the Astronomical Society of Australia, submitted – in review (2016c)
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4.1 Introduction
Over the course of the past few decades, the act of bundling optical fibres together to translate
an image in a spatially coherent manner has been optimised to increase the spatial resolution, yet
retaining efficiency and flexibility. These devices are known as imaging fibre bundles (or coher-
ent fibre bundles), and are widely used for remote sensing with applications such as biomedical
endoscopy. Most fibre bundles are made using silica optical fibres, however the process used to
make a  1mm diameter bundle that remains flexible sacrifices efficiency due to the fibre filling
factor. This is because for most of the length, each fibre needs to be loose, otherwise a 1mm bun-
dle would be a solid rod with near zero flexibility. The SCHOTT Leached Image Bundles1 are
a good example of this, where the inter-core cladding material is etched down over the length of
the fibre, leaving only the ends bundled together. The delicate process of making a flexible silica
fibre bundle increases the cost to  US$1000 per metre. High filling factor silica fibre bundles
do exist (e.g. Bland-Hawthorn et al., 2011; Bryant et al., 2014), though their large individual core
diameters ( 100mm) results in a coarse spatial resolution, and with the bundle only being fixed at
one end, they lack the ability to preserve a spatially coherent image and therefore are not classed
as imaging bundles.
The use of polymer as an alternative to silica in fibre imaging bundles presents an attractive
solution to many of the issues faced by using silica (e.g. the ability to obtain a high filling factor
whilst retaining flexibility). One of the most common polymer fibre materials is poly(methyl
methacrylate) (PMMA), however the use of PMMA (and most polymers) over silica comes at the
cost of attenuation (on the order of 1 dB/m for PMMA versus 10 3 dB/m for silica). This increase
in attenuation limits the applications of polymer fibre to cases where fibre lengths on order of a
metre are required (e.g. endoscopy, localised remote sensing). Albeit, longer lengths of these
polymer imaging bundles can be used in applications where the source is of high enough power to
overcome the attenuation loss.
An area where fibre optics continue to increase in their application is astronomy, where they
have become the dominant method of translating the light of thousands of galaxies and stars from
the telescope focal plane to nearby spectrographs. Most focal planes of current large (4-10m)
telescopes are . 1m in diameter, but there are soon to be focal planes of 1-2m diameter upon
the arrival of Extremely Large Telescopes (ELTs). These large focal planes require precise field
acquisition and guiding, for which coherent imaging bundles are well suited. In this application, at
one end, multiple imaging bundles are deployed over the focal plane targeting guide stars, and at
the other end, all of the imaging bundles are brought together with one camera situated away from
the focal plane imaging their end faces. This method has been adopted by the Sloan Digital Sky
Survey multi-object spectrograph (SDSS; Smee et al., 2013) and the Sydney-AAO Multi-object
Integral field spectrograph (SAMI; Bryant et al., 2015). SDSS use silica imaging bundles from
Sumitomo2, and SAMI use polymer imaging bundles from ESKA3.
Basic characterisation of the Sumitomo silica image bundles has been performed by Haynes
et al. (2006), who analysed the spatial fidelity, cross talk and scattering, and concluded that more
investigation into imaging bundles is needed to assess their suitability in astronomical applica-
tions. The Sumitomo bundle has 2mm cores spaced by 3mm in a semi-regular hexagonal pattern,
resulting in a filling factor of  40% (Udovich et al., 2008). This immediate substantial loss from
the filling factor is detrimental in astronomical applications of these spatially coherent imaging
bundles, where every photon counts. In addition to the filling factor, core sizes of 2mm are very
1http://www.schott.com/lightingimaging/english/medical/
medical-products/transmitting-images_leached-image-bundle.html
2Sumitomo Electric Lightwave Corp.,
http://www.sumitomoelectric.com
3ESKATM; Mitsubishi Corp., http://fiberopticpof.com
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Figure 4.1: (left) Back-illuminated microscope image of a coherent polymer bundle showing the entire face of the
bundle. (middle) a magnified image of (left) showing the hexagonal structure of the cores. There are 7095 cores
hexagonally packed, with each core being 16mm (full-diagonal) resulting in an overall diameter of 1:5mm. Dust in the
microscope imaging system gives the appearance of damaged cores. (right) a projected Ha map of a spiral galaxy by
butt-coupling the input end of the bundle to a 1:5mm grayscale printout of the galaxy.
close to being purely single-moded at optical wavelengths resulting in an even greater loss due
to very poor modal coupling (Horton & Bland-Hawthorn, 2007). In the case of the Sumitomo
bundle, the outer diameter is only 800mm, meaning that even without separating the individual
cores along the length of the fibre, the bundle retains some flexibility.
More recently, SCHOTT have developed a Wound Fibre Bundle4 for the Defense sector, that
creates a spatially coherent array of smaller 6 6 fibre arrays with each fibre being 10mm in
diameter. Its efficiency over the wavelength range 400 1500 nm is typically 40-50%, including
attenuation, fill-factor and Fresnel surface reflection losses. Detailed characterisation on its optical
performance has yet to be carried out.
Our interest then lies with the ESKA polymer imaging bundles (PMMA), which have a larger
filling fraction than silica imaging bundles, yet retain spatial resolution and flexibility. In Section
4.2 we present the results of laboratory characterisations of two different sizes of polymer imag-
ing bundles. In Section 4.3 we explore their various applications in the context of astronomical
instrumentation, presenting recent on-sky demonstrations, and concluding our work in Section
4.4.
4.2 Optical Performance
To better understand the range of possible applications polymer imaging bundles have in astro-
nomical instrumentation, we performed laboratory characterisation on their filling factor, flat-field
response, spectral throughput, cross-talk and focal ratio degradation. We explored two sizes of
ESKA polymer imaging bundles, with external diameters of 0:5 and 1:5mm. They are both made
by the same method, with the 0:5mm bundle being drawn down further in the process, resulting
in the same number of cores, but smaller core diameters. Both bundles have 7095 hexagonally-
shaped cores, with each core diameter being 16mm (full-diagonal) in the 1:5mm bundle and 6mm
(full-diagonal) in the 0:5mm bundle. In some of the tests we present the results of both bundle
sizes, although we primarily tested the 1:5mm bundle. A back-illuminated microscope image of
the 1:5mm bundle can be found in Figure 4.1. In all tests, the end faces were machine polished5
stepping down through 30;12;9;3;1;0:3mm grit paper.
4SCHOTT Wound Fibre Bundle, http://www.schott.com/
lightingimaging/english/defenseproducts/wound.html
5Krelltech Rev2 Micro Polisher
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4.2.1 Filling factor and flat-field
The dominant source of losses in fibre bundles, in terms of total efficiency, is a poor filling factor,
where the total area at the bundle end-face that can be sampled by the cores is less than the
overall area. As the cores are what guides the incident light and maintain the spatial coherence
(with the rest of the bundle consisting of the cladding), any light not coupled is at best lost, or at
worst couples into the cladding that contributes to cross-talk. Due to the small core sizes found
in imaging bundles, sufficient cladding to confine propagating modes results in larger separations
between cores. If the space between cores becomes too small then the modes can easily leak into
adjacent cores, spreading out the spatial information and increasing light losses. Creating a large
refractive index difference between the core and the cladding allows the core-to-core separation
to be smaller, which is possible to achieve when using polymer rather than silica (see Section
4.2.3). By analysing a front-illuminated image of the 1:5mm polymer imaging bundle, the filling
factor was measured to be 92%. This is a factor of 2-3 improvement over the best silica imaging
bundles (25  40%). This gain in filling factor is critical for astronomy, where missing spatial
information can be detrimental to the science. When the filling factor of this polymer imaging
bundle is compounded with the typical attenuation of PMMA (1 dB/m), it is easy to see, from
Figure 4.2, that in short lengths (< 4m) the polymer imaging bundles theoretically out-performs
even the best silica imaging bundles (0:01 dB/m and 40% filling factor).
By evenly back-illuminating the bundle, using an OLED flat-screen source through a Bessel-
Johnson R-band filter, the flat-field response profile of the 1:5mm polymer imaging bundle was
found by taking the mean of image pixel intensities within radially increasing annuli (see Figure
4.3). Each annuli has a width of 16mm (one core), with the image initially dark subtracted and
then subtracted by the maximum inter-core intensity to reduce the contamination of cladding light.
The radial profile is observed to have a slight decrease of  1% out to a radius of  600mm
before decreasing rapidly to  90% at the edge of the bundle. We conjecture that this type of
radially decreasing profile is likely linked to the intrinsic scattering and crosstalk properties of the
bundle studied in Section 4.2.3. Linear propagation losses resulting in scattered light out of the
central cores will result in an increased crosstalk between neighbouring cores, however the same
scattering mechanism in the outer diameter cores will result in power loss out of the composite
waveguide, i.e. bundle. Variations in intensity within the annuli, in addition to the radial profile,
are easily corrected for by flat-fielding in a data reduction process. The 1:5mm polymer imaging
bundle is therefore deemed acceptable for astronomical applications that require accurate flux
information of a source. This is true even when the source is extended spatially.
4.2.2 Spectral transmission
Although the use of polymer can increase the filling factor of imaging bundles dramatically (see
Section 4.2.1), it has much larger optical attenuation compared to silica (1 dB/m and 10 3 dB/m
respectively). To see how the attenuation varies as a function of wavelength, the spectral through-
put of both polymer imaging bundles was measured via the cut-back method (see Figure 4.4). A
reference spectrum was obtained by coupling a white-light source into a 200mm core-diameter sil-
ica patch cord and measured with an optical spectrum analyser (OSA). End-face polished (0:3mm
grit) and connectorised lengths of the imaging bundles were then butt-coupled to the patch-cord
and fed into the OSA. The lengths of imaging bundles were 10;5;2;1m, re-polishing and re-
connectorising after each cut. The median spectral transmission per metre of each bundle was
determined using the measurements of the multiple lengths normalised by the reference spectrum.
The absorption bands seen in the spectral transmission curve (Figure 4.4) are due to the molec-
ular vibrations of the PMMA, becoming essentially opaque to light of wavelengths shorter than
 350 nm and longer than  1100 nm. The aforementioned losses that arise from the single-mode
nature of the cores in the 0:5mm bundle are clearly evident in the scaling difference between
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Figure 4.2: Theoretical R-band efficiency as a func-
tion of fibre length for a 1:5mm polymer imaging bun-
dle (blue line) and a best silica imaging bundle (dashed
line), where the efficiency includes the fibre attenuation
(1 dB/m and 0:01 dB/m respectively) and the fill factor
(92% and 40% respectively).
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Figure 4.3: A normalised radial profile of the 1:5mm
polymer imaging bundle. Each measurement is the mean
intensity of pixels within annuli of widths 16mm placed
on an R-band back-illuminated flat-field image of the
bundle. Error bars represent the standard deviation of
each measurement.
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Figure 4.4: Spectral throughput of the 0:5 and 1:5mm polymer imaging bundles (red and blue respectively). The green
line is the transmission profile of a new polymer material, CYTOP, taken from Argyros (2013), and the magenta line
is the manufacture’s transmission of AFS200220T silica fibre. Bessel-Johnson (UBVRI; dotted black line) and SDSS
(ugriz; solid black line) spectral filters are overlaid for reference (arbitrarily scaled). There was no transmission of
wavelengths less than  350 nm and greater than  1100 nm for either bundle.
the transmission of the two bundles, resulting in an additional loss of  40%. Both transmission
curves have been corrected for Fresnel end face losses. Figure 4.4 also shows the spectral trans-
missions for a new polymer, CYTOP6 (Cyclic Transparent Optical Polymer), and a single silica
fibre (AFS200220T7).
6CYTOP, Asahi Glass Co:
http://www.agc.com/kagaku/shinsei/cytop/en/
7Anhydroguide Fiber Silica (AFS), Fiberguide Industries:
http://www.fiberguide.com/product/optical-fibers/
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Figure 4.5: (left) A log scaled inverted image after butt-coupling and aligning a silica single-mode fibre to the centre of
one core. (right) The intensity profile of the cut shown overlaid on (left) going from left to right. The red line is the log
scaled intensity profile and the blue line is intensity on a linear scale. Both lines have been normalised to the maximum
of the injected core. 3% of the injected light has been scattered to the surrounding cores.
4.2.3 Focal ratio degradation, cross-talk and scattering
Due to the chemical composition and imperfections of optical fibres, conservation of the input
light is difficult. This is even more so in standard polymers (e.g. PMMA); as demonstrated by
the high attenuation levels when compared to silica, due to the higher scattering of the polymer
media. Unlike when making optical fibres from silica, the ability to mix polymers together makes
it possible to increase the numerical aperture of the fibre by creating a larger refractive index dif-
ference between the core and the cladding. This allows for a higher number of modes to propagate
down the fibre and better constrains the mode field diameters. However, the chemical structures
of PMMA and silica are very different, leading to a much larger scattering term for PMMA than
silica. This increase in scattering also increases the chance of coupling between different modes.
Light scattering can enhance the coupling from low order modes to higher order modes closer to
the core mode cut-off that are weakly guiding and lightly to couple to cladding modes. When
fibres are brought close together, as in the case of imaging bundles, the scattered light that leaves
the core has a chance of coupling into its neighbouring cores. If the propagating modes are poorly
confined due to a small difference in refractive index between the core and the cladding, the prop-
agating light has a high chance of evanescently coupling to neighbouring cores. These coupling
terms are known as cross-talk, and minimising this property is important for imaging bundles as to
not spread out the spatial information of the input light source. The coupling of modes to higher
order modes that were not coupled to at the input as well as the lading of modes to the cladding
is known as focal ratio degradation (FRD), where the cone angle (numerical aperture; NA) of the
input light becomes larger at the output of the fibre (or that the encircled energy of a given profile
is less at the output than at the input light).
Knowledge of a fibre’s FRD is important when designing an optical system that makes use of
optical fibres. It dictates the power of the optical lenses used to image the near-field (face) of the
fibre, whether as part of an imaging system or spectrograph. As the individual core diameters of
the polymer imaging bundles are small (6mm and 16mm), it was not possible to measure the FRD
via the standard method of injecting a focussed spot of light (of varying NAs) down a single core
and measuring the NA of the output light (Bryant et al., 2014). Another technique to measured
FRD is to inject collimated light at varying angles, but this too requires injection into a single
core. Therefore, no FRD measurement was taken, but the large acceptance NA of the polymer
imaging bundle would indicate that its FRD would be not too dissimilar to that of a standard silica
fibre. As an absolute reference, the maximum NA of both polymer imaging bundles was measured
by overfilling the bundle’s input NA (in the R-band), and radially measuring the far-field intensity
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using a power meter with a 500mm pinhole mask at a radial distance of 20 cm. This size of pinhole
mask was chosen to be large enough for the power meter to sufficiently detect the incident light,
yet small enough to provide discrete measurements at the various angles and shield the power
meter from scattered light in the laboratory. The maximum NA (at 5% maximum intensity) of
the 0:5mm and 1:5mm polymer imaging bundle is 0:460:03 and 0:490:03 respectively, with
the errors representing the range of NAs found at intensity values either side of the 5% maximum
intensity. Therefore, due to the small overall diameter of these imaging bundles, designing an
optical system to image the face of the bundle, or even 100 bundles packed together, with f=1
optics (NA = 0:5) is straightforward.
To measure the cross-talk in the 1:5mm polymer imaging bundle, a silica single-mode fibre
(NA = 0:1, injected with R-band light) was butt-coupled and aligned to the centre of a single
core, and the intensity of all of the surrounding cores was imaged (see Figure 4.5). It was found
that 2:9 0:2% of the injected light was scattered into the surrounding cores. This is the mean
measurement and standard deviation of five different locations over the face of the imaging bundle
(with the exception of the outermost cores).
Due to the high-NA, i.e. large mode confinement, of the polymer imaging bundles, it is un-
likely that the modes’ evanescent fields are significant to allow efficient coupling between cores,
meaning that the primary driver for the cross-talk is more likely to be the large scattering term
of the polymer’s chemical structure. This is due to the larger molecular chains and clusters of
the polymer in addition to the molecular absorptions of their vibrational states. Unlike a standard
silica fibre when unspooled, the polymer imaging bundle retains a relaxed bend radius of 15 cm.
It is possible to straighten the fibre via thermal annealing, although doing so risks damaging the
fibre (e.g. changing the polymer’s chemical / physical structure).
4.3 Applications of polymer imaging bundles in astronomy
In this section we present current and possible (but by no means exhaustive) applications of poly-
mer imaging bundles in astronomical instrumentation that use lengths< 2m. For this we consider
the trade-offs of the increase in filling factor at the cost of an increase in attenuation. Fundamen-
tally, polymer imaging bundles translate images, which in the context of astronomy is best suited
to getting an image from the focal plane of a telescope to a nearby location where bulkier systems
reside (cameras etc). The need of imaging bundles in astronomy increases as the diameter of the
telescope’s focal plane increases, more so in the era of the ELTs.
4.3.1 Field acquisition and guiding
The most obvious application of imaging bundles is for telescope guiding as part of a multi-object
instrument, or where the weight of a guide camera on the focal plane is an issue (e.g. small
telescopes). It is possible to use pick-off mirrors on arms to do multi-object guiding, but if there
are optical science fibres covering the field plate then it is difficult to avoid collisions. Imaging
bundles permit a flexible solution to translating a spatially coherent image of a guide star from
the focal plane to a nearby camera. An advantage of using polymer over silica for multi-object
imaging bundles (other than the increase in filling factor) is that the end preparation of a polymer
imaging bundle is much more customisable, as the product resembles a single fibre. Silica imaging
bundles have to be carefully connectorised (normally by the manufacturer) to minimise stress or
fractures, whereas the polymer imaging bundles can either be mounted in custom connectors, or
just left bare whilst maintaining the ability to be polished.
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Figure 4.6: Three 1:5mm polymer imaging bundles used as guiding probes for SAMI. (left) sky-flats of the three
bundles imaged through a 1:5:1 re-imaging lens to a an Apogee Alta U6 CCD. Dust in the imaging system gives the
appearance of damaged cores, however the lower bundle is damaged on its right side. (middle) three guide stars being
probed by the polymer imaging bundles. Typical V-band magnitudes and exposures times for SAMI guide stars are
13 - 15 and 1 s respectively. (right) image of Saturn and its rings through one of the bundles ( 2 arcsec seeing). Each
imaging bundle has a 23 arcsec field-of-view. The outline of each bundle is traced by a black circle. All three images
are inverted.
SAMI is a multi-object integral field spectrograph that deploys 13 silica fibre-bundle integral
field units (hexabundles) over a 1 degree field at the 3:9m Anglo-Australian Telescope (Bryant
et al., 2015). For field acquisition and guiding it uses three of the 1:5mm polymer imaging bundles
(1m lengths and each with 23 arcsec field-of-view) mounted in the same plug-plate connector
design as the hexabundles. All of the imaging bundles feed a single guide camera located nearby
to the side of the focal plane (see Figure 4.6). Although only one of the guide stars is used for
telescope guiding in SAMI, having multiple guide stars over a 1 degree field allows for better
understand of the wide-field atmospheric conditions, and the tip/tilt determination of the field
plate.
The light-weight and flexible nature of the polymer imaging bundles makes them suited to
many types of fibre positioning technologies. In addition to use in plug-plate instruments, the
1:5mm polymer imaging bundle has also been proven to be compatible with the StarBugs posi-
tioning system (Gilbert et al., 2012; Kuehn et al., 2014), and multiple 0:5mm polymer imaging
bundles will perform the guiding for the multi-object fibre spectrograph instrument, TAIPAN on
the UK Schmidt Telescope (Kuehn et al., 2014, see Figure 4.7). Even though there is a loss in ef-
ficiency when using the 0:5mm polymer imaging bundle instead of the 1:5mm polymer imaging
bundle, the smaller core sizes of the 0:5mm polymer imaging bundle are better suited to the plate
scale of the UKST (0:44 to 1:08 arcsec per core respectively, with the latter being too coarse to
accurately sample the guide star’s point-spread-function). The 0:5mm polymer imaging bundle
is also being considered to replace the current guide bundles on the 2df instrument on the 3:9m
Anglo-Australian Telescope, which uses a pick-and-place positioning system with fibre retractors
(Lewis et al., 2002a; Sharp et al., 2006). Investigation into the stresses induced on the 0:5mm
polymer imaging bundle and its longevity when used in sprung retractors is underway.
As focal planes become increasingly larger, particularly in the era of ELTs where focal planes
will be 1-2m diameter, the need of fibre bundles to perform guiding also increases. This is where
the adaptability of the polymer imaging bundles to different positioning technologies has an ad-
vantage, in addition to the large increase in filling factor. Typical plate-scales for the ELTs are a
few arcsec/mm, meaning that the field-of-view of a 1:5mm polymer imaging bundle would also
be a few arcsec. Blind pointing of modern large telescopes is commonly  1 arcsec (Bernstein
et al., 2014), meaning that even without fore-optics, multiple 1:5mm polymer imaging bundles are
able to acquire and guide on a field. If an increased field-of-view per imaging bundle is desired,
then the use of fore-optics (miniature lenses or fibre tapers) is straightforward.
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4.3.2 Multi-object Wavefront Sensing
The use of adaptive optics (AO; Babcock, 1953; Hardy, 1998) to correct for atmospheric turbu-
lence is an essential part of the science cases proposed for ELTs, but is also a technology that
is currently available on telescopes all over the world. Performing AO on a single on-axis tar-
get is now standard practice for  8m class telescopes, though recent studies into multi-object
AO (MOAO; Hammer et al., 2002; Rousset et al., 2010; Vidal et al., 2014) show the power of
maximising the scientific output of large aperture wide-field telescopes, such as the 25:4m Giant
Magellan Telescope (GMT; Bernstein et al., 2014). For MOAO to be realised on telescopes such
as the GMT, many wavefront sensors would need to be deployed across the focal plane, localised
to each science target.
The use of polymer imaging bundles becomes an attractive solution to distributed wavefront
sensors, where each bundle has miniature Shack-Hartmann fore-optics, relaying the wavefront
information to a high frame rate camera situated off the focal plane. These miniature Shack-
Hartmann wavefront sensors (mini-SHWFS; Goodwin et al., 2014) were demonstrated on the
3:9m AAT in December 2015 (see Figure 4.8; a full description of these devices is provided by
Goodwin et al. in preparation).
The 1:5mm polymer imaging bundle, with its 16mm cores and high filling factor, is able to
critically sample the Shack-Hartmann spots of the wavefront sensor. A laboratory closed-loop
adaptive optics experiment was carried out to quantify the suitability of the polymer imaging bun-
dle in wavefront sensing (see Figure 4.8). The set-up for the experiment was as follows: (1)
Collimate the beam of a 635 nm laser to a beam width of 12:5mm. (2) send the collimated laser
beam through a rotatable phase-screen with effective seeing of 0:78 arcsec. (3) image the pupil
of the collimated beam onto an ALPAO 97-15 Deformable Mirror (DM). (4) re-image the pupil
plane through a 100mm-pitch microlens array, resulting in the 1:5mm polymer imaging bundle
(1m length) receiving a 1414 Shack-Hartmann spot pattern, which contains the wavefront infor-
mation at the pupil plane. (5) re-image the end-face of the 1:5mm polymer imaging bundle with
2 magnification onto an Andor Zylar 5.5 MP sCMOS detector. (6) Control the rotation speed
of the phase-screen, the SCMOS detector, and the DM via "S/W ALPAO Core Engine (ACE)"
software using MATLAB/C++. The software was customised to fit this experiment, which was
able to run at  250 frames per second in closed-loop mode. The latency in the experiment was
found to typically be 2-3 frames. Optically, the set-up was designed to work in f=10, and to mimic
the University of Hawaii’s 2:2m telescope.
From Figure 4.8 (bottom) it is possible to see that the 1:5mm polymer imaging bundle can
indeed critically sample the Shack-Hartmann spot pattern as part of a closed-loop adaptive optics
instrument, enabling the the Shack-Hartmann spot pattern to be relayed to a nearby, yet arbitrar-
ily located, sensor. Only at wind-speeds greater than 10 ms 1 does the wavefront improvement
become negligible, with the RMS approaching that of an uncorrected wavefront (open-loop). Cus-
tom designs of polymer imaging bundles can be manufactured depending on system requirements,
however this is somewhat limited without the ability to self-manufacture as access to propriety
polymers and equipment is restricted.
In addition to being used for high-order wavefront sensing, the polymer imaging bundles are
also suited to distributed low-order wavefront sensing for use in ground-layer AO (GLAO; Hart
et al., 2010) or the monitoring of natural guide stars in laser-tomography AO (LTAO; Viard, Le
Louarn & Hubin, 2002), which would also benefit any attempt of laser-tomography MOAO with
either Rayleigh or Sodium laser guide stars.
An alternative method in wavefront sensing is the curvature sensor (Roddier, 1988; Roddier
& Roddier, 1993), where the intensity image of the intra- and extra-focus are simultaneously
obtained, allowing the second derivative of the wavefront to be measured. The Visible and Infrared
Survey Telescope for Astronomy (VISTA) built into its design the ability to obtain the intra-focus
of one star and the extra-focus of another (but nearby) star with two respectively independent
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Figure 4.7: Microscope image of a 0.5mm diameter polymer imaging bundle mounted in a TAIPAN Starbug with a
3D-printed ferrule.
Figure 4.8: (top) Ray trace of miniature Shack-Hartmann sensor, where A is the starlight from the telescope (f/8 at
AAT cassegrain focus), B is a 3mm diameter collimating lens, C is a 110mm pitch mircolens array, and D is the
polished front face of a 1:5mm polymer imaging bundle. (left) Image of a prototype miniature Shack-Hartman sensor
illuminated with a 630 nm laser at f/8 (top). Dust inside the wavefront sensor blocks  2 of the lenslets. (right) On-sky
demonstration of the same wavefront sensor as shown in (left) translating the spot pattern from the focal plane to a
high frame rate camera (sCMOS). This stacked image is equivalent to a 1 s exposure. The de-centring of the pupil
is due to a small tip/tilt in the optical alignment of the wavefront sensor to the focal plane. The wavefront sensor’s
field-of-view (sub-aperture spacing) is  2 arcsec. Both images have been inverted in colour, with a circle drawn to
show the boundary of the imaging bundle.
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Figure 4.9: Laboratory closed-loop adaptive optics data using a 1:5mm polymer imaging bundle as part of a mini-
Shack-Hartmann wavefront sensor (mini-SHWFS, see text for setup description). (top left) The 14 14 Shack-
Hartmann spot pattern relayed by the 1:5mm polymer imaging bundle. The centre-of-mass of each spot is equated
in relation to the centre of each zonal box, with the offsets represented by red arrows. A mask is applied to skip
zones/spots that have too little flux. Dust inside the mini-Shack-Hartmann sensor results in some zones to the left of the
bundle being skipped. (top right) The flux map showing the masked out zones as black zones. (bottom) Closed-loop
results for six different simulated wind speeds of the 0:78 arcsec phase screen, in addition to no phase screen. The RMS
is a measurement of the error compared to that of a flat wavefront (best image quality). The small RMS difference
between the 0 ms 1 and no phase screen is a verification that the mini-SHWFS is successful. There is little to no
wavefront improvement for wind speeds above 10 ms 1, with the RMS increasing to the uncorrected wavefront due to
system latency (2-3 frames).
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CCDs (Patterson & Sutherland, 2003). The assumption is that differential aberrations between the
two stars are negligible. However, most AO systems that are based on curvature wavefront sensors
(Rigaut et al., 1998; Arsenault et al., 2003; Watanabe et al., 2008) use a resonant vibrating mirror
with sinusoidal piston variations to obtain the intra- and extra-focuses. This is a very delicate
procedure, and limits the adaptability to MOAO. Based off the design proposed by Guyon (2010),
another method is to use two imaging bundles for each curvature sensor, with a beam splitter
projecting the intra- and extra-focus images of a star onto each bundle. The imaging bundles
then feed into a sensitive high frame-rate camera off the focal plane, and the intensity images are
analysed to obtain the wavefront information. A full description of these devices and recent on-sky
tests are given by Zheng et al. (2014a, in preparation).
4.3.3 Other applications
In addition to being used for field acquisition, guiding and wavefront sensing, polymer imaging
bundles are also suited to a variety of other astronomical applications that require the efficient
and flexible translation of images over short distances. One such application is in multi-object
narrowband imaging, where each imaging bundle is positioned over a target and has a miniature
tuneable narrowband filter that is tuned for its target (e.g. a galaxy’s redshift). The ability to
obtain high-spatial resolution narrowband images (e.g. Ha) of 105 independent galaxies over
a survey lifetime can provide a dataset that is unparalleled in understanding the star formation
morphology of a galaxy as a function of its environment. An issue if using the polymer bundle
presented here is the spectral absorption features of the PMMA. There is a large absorption feature
at  740 nm (see Figure 4.4), which would be detrimental to Ha observations of galaxies at
redshifts, 0:06 . z . 0:2. Depending on the science in question, different polymers can be used
to minimise spectral features, whilst still retaining other benefits such as high fill-factors. Argyros
(2013) provides a review of the common polymers used in the manufacture of fibre optics, with
CYTOP having the best spectral transmission (high and flat; Figure 4.4) in addition to operating
at near-infrared wavelengths.
It is also possible to envisage an instrument that has distributed miniature aperture masks
(Tuthill et al., 2000) over the focal plane, with the intensity of each interference pattern projected
onto the polymer imaging bundles, all feeding a sensitive high frame-rate camera off the focal
plane. This application would work much better if the polymer used in the bundles is one that is
efficient at wavelengths in the near/mid-infrared, such that extrasolar planet detection by imaging
is feasible (Burrows, 2005; Ireland, 2012). Multi-object speckle imaging (Saha, 2002) is also fea-
sible with distributed polymer imaging bundles without fore-optics, again with all bundles feeding
a sensitive high frame-rate camera off the focal plane. This would be useful in a fast survey to
understand the fraction of multiple star systems (Duchêne & Kraus, 2013).
Over time, an increasing number of telescope instruments are achieving multi-object func-
tionality as they aim to maximise the available science over the focal plane, so it is only natural
to keep thinking of feasible ways to make use of the power and large focal plane of the ELTs
to come. There are likely many more applications of polymer imaging bundles for astronomical
applications, and we leave the reader to imagine.
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4.4 Conclusions
Imaging bundles are a useful way of translating spatially coherent images, and over short distances,
imaging bundles made from polymer can be more efficient and practical than than those made from
silica. We performed laboratory characterisation of ESKA PMMA imaging bundles, and explored
their various applications in the context of astronomical instrumentation. These cheap polymer
imaging bundles ( $10 per metre) remain flexible as a single 1:5mm diameter unit with 7095
cores providing a spatial filling factor of 92%. Their R-band transmission was measured to be
 85% per metre, and their flat-field response yields a radial decrease of  3% towards the outer
cores. With a maximal NA of 0:5, the polymer imaging bundles are well suited to a range of
telescope focal ratios. As most applications will image the end-face of the imaging bundles with a
camera, any FRD can be accounted for in the camera design.
The polymer imaging bundles characterised here are already in use for field acquisition and
guiding as part of the astronomical instrument, SAMI, and in the near-future, TAIPAN. This ap-
plication is the most obvious use of spatially coherent imaging bundles, though other demon-
strated applications include multi-object miniature wavefront sensing. Polymer imaging bundles
are highly customisable in design (including which polymers to use depending on desired wave-
length ranges) making them well suited to a range of astronomical applications, such as multi-
object narrow-band imaging, multi-object aperture masking and multi-object speckle imaging.
There are of course many other applications not yet explored, and the use of polymer imaging
bundles in future astronomical instruments has potential to become routine.
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The dawn of multi-object integral-field spectroscopy is well underway with the development of
new instruments such as SAMI, producing a wealth of data and opening up galaxy evolution stud-
ies to new phases of parameter space. Data from the SAMI Galaxy Survey was used to vigorously
test the aperture corrections in calculating star formation rates of galaxies when observed with
single apertures. These aperture corrections were developed by Hopkins et al. (2003, H03) and
Brinchmann et al. (2004, B04) and are used in the GAMA and SDSS surveys respectively. When
comparing these aperture corrected star formation rates with the star formation rate calculated
from the full aperture of a SAMI hexabundle, both aperture corrections were found to have linear
trends that deviate from the 1:1 line. The gradient and scatter for H03/SAMI are 0:910:05 and
0:22 dex, and for B04/SAMI are 0:850:03 and 0:15 dex (formulas given in Equation 2.3 & 2.4
respectively). To understand why they deviated from a 1:1 relationship, the assumptions that go
into each aperture correction were tested.
For H03, the primary assumption was that the EW(Ha) and Balmer decrement (BD) remain
constant throughout the galaxy. Examining radial profiles of these properties, the BD profiles tend
to remain flat, but the EW(Ha) was found to vary by up to an order of magnitude from the inner to
outer regions of the galaxy. An equal number of galaxies were found to have increasing, decreasing
or flat EW(Ha) radial profiles, which manifests itself as an increased scatter when examining the
H03/SAMI relation. The H03 aperture correction is independent of aperture size, but the error
on the total star formation rate decreases with an increase in aperture size. By extracting spectral
data from the SAMI data cubes, the magnitude of the H03 error term for ever increasing aperture
sizes was calculated. An analytical expression was fit to these data and is presented in Equation
2.5 and Table 2.1. This should be used when propagating formal errors of H03 aperture corrected
star formation rates.
For B04, the two main assumptions that could be tested were that (a) broadband optical colours
can trace the Ha specific star formation rate and (b) the relationship for a galaxy’s nucleus is the
same for its disk. These assumptions were tested by building an aperture correction from SAMI
data using the prescriptions in B04. Comparing the results of this aperture correction to the Ha
star formation from SAMI, it was found that due to the difference in star formation timescale
sensitivity, the optical colours couldn’t properly trace the Ha specific star formation rate. Con-
structing two versions of the aperture correction, one from nuclear spectra the other from disk
spectra, it was found that the star formations differed due to the galaxy’s dust gradient. That is
to say galaxies with high levels of star-formation have decreasing dust gradients, resulting in an
over-predicted total star formation if using the B04 method. The opposite is also true: that galaxies
with low levels of star-formation have increasing dust gradients, resulting in an under-predicted
total star formation if using the B04 method. The magnitude of this bias remains unknown due to
the mismatch in wavelength coverage between SAMI and SDSS, but if a correction is applied it
would only deviate the B04/SAMI relationship further from 1:1.
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A clear example of aperture bias was found in the discovery of an extreme off-centre starburst
region in GAMA J141103:98-003242:3 from the early data of the SAMI Galaxy Survey. This gave
evidence of a system that was undergoing a phase of intense stochastic star formation, with the
starburst region contributing 72% of the total star formation of the galaxy. The driver of this
starburst is most likely due to in-falling H I gas. Although spatially unresolved, by examining the
strength of ionisation within the H II complex and comparing with other known systems, such as
the Large Magellanic Cloud (LMC), it can be argued that the H II complex is dominated by a single
H II region, although grouped together with many smaller H II regions (alike to 30 Doradus). In
many ways GAMA J141103:98-003242:3 is similar to the LMC, differing only in its isolation. With
no obvious neighbouring galaxies, a substantial H I reservoir as detected by radio observations,
and the H II complex being 0:2 dex lower in metallicity as compared to the rest of the galaxy, the
case of stochastic starburst is strengthened. Local dwarf-irregular galaxies can also act as modern
day analogues of "clump-cluster" systems at higher redshifts (z 1). GAMA J141103:98-003242:3
is a striking case of this seen by the agreement of the H II complex on the scaling relations found
in clump-clusters (velocity dispersion µ radius µ Ha luminosity µ Jeans mass).
The statistical sample to test the aperture corrections and the serendipitous discovery of the H II
complex in GAMA J141103:98-003242:3 were maximised due to technological upgrades to SAMI.
One of these upgrades was the installation of new imaging bundles as as field acquisition and guide
probes. These imaging bundles are made from polymer (PMMA) and can translate a spatially
coherent image. They have an external diameter of 1:5mm, 7095 cores, a filling factor of 92%,
and over short lengths (< 4m) are able to outperform comparable imaging bundles made from
silica. Unfortunately, the polymer currently used in making these bundles (PMMA) has unwanted
spectral features that impacts their usage outside of applications such as guiding / broadband
image translation, however new polymers are being made that have substantially better spectral
throughput (e.g. CYTOP). A novel application that is being pursued is their use in multi-object
wavefront sensing by deploying the imaging bundles equipped with miniature Shack-Hartmann
wavefront sensors over the telescope’s focal plane. Their cheap cost and overall performance
gives the possibility of using similar imaging bundles in a wide range of multi-object astronomical
applications such as narrowband imaging, aperture masking and speckle imaging.
Continuation of SAMI in the coming years to the completion of the SAMI Galaxy Survey and
beyond will see the sample size grow to  3500 galaxies. This is an order of magnitude more
galaxies than previously surveyed, leading to the probing of many science questions that can for
the first time be slice-and-diced within the parameter spaces of stellar mass or local environment.
However, this sample size is still limited when studying the diversity of accretion histories along
with the large-scale environmental effects. Although, MaNGA’s predicted sample size is on the
order of  10;000 galaxies, their target selection restrictions (mass and environment) limit the
depth of these studies. To dissect these issues, and to achieve statistical certainty, an unbiased
sample size of  100;000 galaxies is required. This calls for a new multi-object integral-field
spectroscopic instrument to be built that has greater multiplex to observe these 100;000 galaxies
an order of magnitude faster than SAMI and MaNGA. This instrument capability is that proposed
for "Hector" (Bland-Hawthorn, 2015), the successor of SAMI at the AAT.
Building on the breakthrough achievements of SAMI, Hector is a similar instrument concept
that uses hexabundles as its IFUs. Instead of 13 hexabundles it will have 100, instead of all
hexabundles being the same size it will have a range of sizes to ensure that 90% of the targeted
galaxies will be observed to 2 effective radii (2Re), instead of a 1 degree diameter field of view
it will have a 3 degree diameter, and instead of a spectroscopic resolution of R1700–4500 over
two separated wavebands it will have R3000–5500 with a continuous wavelength coverage in the
optical (370–780 nm). This increase in not only data quantity, but also quality, will provide the
astronomical community with yet again an unprecedented data set for rigorous analysis in the field
of galaxy evolution.
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5.0 | Advancements in multi-object integral-field spectroscopy
Another instrument similar to Hector that is currently under construction is the WEAVE spec-
trograph (Dalton et al., 2014). WEAVE will be able operate with a spectral resolution of R 5000
over the full 370-1000 nm wavelength range, however, it is only designed to support 20 IFUs over
a 2 degree field of view.
The continuous wavelength coverage of Hector/WEAVE is critical to continue the analysis of
the B04 aperture correction. As this aperture correction is based off the g;r; i optical bands, only
with complete coverage can the magnitude of the observed biases be quantified. The B04 star for-
mation rates from the SDSS data are the most widely used values in the astronomical community,
so detailed understanding of the biases is essential to the fidelity of galaxy evolution models. It
would be possible to carry out this analysis using data fromMaNGA, however since MaNGA have
a target selection that restricts the population of low-mass galaxies (i.e. lower levels of star forma-
tion), it would be difficult to differentiate the magnitude of a bias with selection effects. Having a
data set that aims to unbiasedly sample a large dynamic range in galaxy properties is only going
to result in a greater analytical precision.
As MaNGA won’t be observing dwarf galaxies, and WEAVE will struggle alongside SAMI
to significantly increase the number of observed galaxies, it falls to Hector to enlarge the dwarf
sample for galaxy evolution studies. Due to the Malmquist bias, effort in studying dwarf galaxies
has been restricted even though they are the most numerous population of galaxies in the Universe.
SAMI is opening the way for these poorly understood systems to get the attention they deserve,
but with Hector it will bring them into the full light of observational analysis. Their linkage with
higher-redshift galaxies is also a critical component to understanding their evolution, in addition to
overlapping H I data. This radio overlap with Hector is possible due to the ongoing developments
of ASKAP and SKA within Australia and South Africa (Harvey-Smith, 2015; Blyth et al., 2015).
Alike to SAMI, and in addition to TAIPAN, Hector’s field acquisition and guiding is also set
to make use of the polymer imaging bundles, however the next big step for these bundles is in their
application of multi-object wavefront sensing for adaptive optics on 8–30m class telescopes. With
prototype systems ongoing at the AAT, these miniature Shack-Hartmann wavefront sensors pro-
vide a cheap and flexible solution to wavefront sensing in multi-object adaptive optics. Expanding
the usage of these bundles to more applications, a material change from PMMA to CYTOP is
necessary to overcome the unwanted spectral absorption features of PMMA.
Advancing multi-object integral-field spectroscopy even further with the development of Hec-
tor and other similar instruments on present and future world-leading telescopes is a natural step in
the academic course of galaxy evolution. In this regime, it will be possible to not only understand
the progression of galaxy populations through cosmic time, but also see the path each individual
galaxy takes.
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A | Publications
The papers listed below are journal and conference proceeding papers that I have authored. Since
2012, I have published 22 articles in international journals (19 during the course of this thesis)
with a total of 529 citations and an h-index of 11. To achieve this, I spent a substantial amount of
time observing and commissioning at Siding Spring Observatory, Australia, totalling 114 nights
since 2012 (82 during the course of this thesis).
A.1 Papers as lead or contributing author
These papers are ones which I have either lead or had substantial contribution. A statement detail-
ing the exact involvement is provided underneath each paper.
0.1 Polymer imaging bundles and their use in astronomy
Richards S. N., Leon-Saval S., Goodwin M., Zheng J., Lawrence J. S., Bryant J. J., Bland-Hawthorn J., Norris B.,
Cvetojevic N. and Argyros A.
Publications of the Astronomical Society of Australia, submitted – in review (2016c)
- Chapter 4 of this thesis.
0.2 The SAMI Galaxy Survey: Asymmetry in Gas Kinematics and its links to Stellar Mass and Star
Formation
Bloom J. V., Fogarty L. M. R., Croom S. M., Schaefer A., Bryant J. J., Cortese L., Richards S. N., Bland-Hawthorn J.,
Ho I.-T., Scott N., Goldstein G., Medling A. M., Brough S., Sweet S. M., Cecil G., López-Sánchez Á. R., Glaze-
brook K., Parker Q., Allen J. T., Goodwin M., Green A. W., Konstantopoulos I. S., Lawrence J. S., Lorente N. P. F.,
Owers M. S. and Sharp R. G.
Monthly Notices of the Royal Astronomical Society, accepted (2016)
- I provided the star formation rates derived from SAMI data and ancillary databases which
were used in the analysis.
1. The SAMI Galaxy Survey: spatially resolving the environmental quenching of star formation in
GAMA galaxies
Schaefer A. L., Croom S. M., Allen J. T., Brough S., Medling A. M., Ho I.-T., Scott N., Richards S. N., Pracy M. B.,
Gunawardhana M. L. P., Norberg P., Alpaslan M., Bauer A. E., Bekki K., Bland-Hawthorn J., Bloom J. V., Bryant J. J.,
CouchW. J., Driver S. P., Fogarty L. M. R., Foster C., Goldstein G., Green A. W., Hopkins A. M., Konstantopoulos I. S.,
Lawrence J. S., López-Sánchez A. R., Lorente N. P. F., Owers M. S., Sharp R., Sweet S. M., Taylor E. N., van de
Sande J., Walcher C. J. and Wong O. I.
Monthly Notices of the Royal Astronomical Society, 464, p.121 (2017)
- I assisted in the derivation and analysis of the spatially resolved star formation rates.
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2. The SAMI Galaxy Survey: Can we trust aperture corrections to predict star formation?
Richards S. N., Bryant J. J., Croom S. M., Hopkins A. M., Schaefer A. L., Bland-Hawthorn J., Allen J. T., Brough S.,
Cecil G., Cortese L., Fogarty L. M. R., Gunawardhana M. L. P., Goodwin M., Green A. W., Ho I.-T., Kewley L. J.,
Konstantopoulos I. S., Lawrence J. S., Lorente N. P. F., Medling A. M., Owers M. S., Sharp R., Sweet S. M. and
Taylor E. N.
Monthly Notices of the Royal Astronomical Society, 455, p.2826 (2016a) & E.458, p.1300 (2016b)
- Chapter 2 of this thesis.
3. The SAMI Galaxy Survey: gas streaming and dynamical M/L in rotationally supported systems
Cecil G., Fogarty L. M. R., Richards S. N., Bland-Hawthorn J., Lange R., Moffett A., Catinella B., Cortese L., Ho I.-T.,
Taylor E. N., Bryant J. J., Allen J. T., Sweet S. M., Croom S. M., Driver S. P., Goodwin M., Kelvin L., Green A. W.,
Konstantopoulos I. S., Owers M. S., Lawrence J. S. and Lorente N. P. F.
Monthly Notices of the Royal Astronomical Society, 456, p.1299 (2016)
- I wrote a large proportion of the foundation PYTHON code that was used in the data analysis,
in particular with the linkages to ancillary data to SAMI observations (e.g. GAMA).
4. The SAMI Galaxy Survey: A prototype data archive for Big Science exploration
Konstantopoulos I. S., Green A. W., Foster C., Scott N., Allen J. T., Fogarty L. M. R., Lorente N. P. F., Sweet S. M.,
Hopkins A. M., Bland-Hawthorn J., Bryant J. J., Croom S. M., Goodwin M., Lawrence J. S., Owers M. S. and
Richards S. N.
Astronomy & Computing, 13, p.58 (2015)
- I wrote parts of the PYTHON database code that retrieved and stored ancillary data to SAMI
observations, in addition to a prototype HTML & JavaScript front-end visualisation and
handling of higher-level data products.
5. The SAMI Galaxy Survey: instrument specification and target selection
Bryant J. J., Owers M. S., Robotham A. S. G., Croom S. M., Driver S. P., Drinkwater M. J., Lorente N. P. F., Cortese L.,
Scott N., Colless M., Schaefer A., Taylor E. N., Konstantopoulos I. S., Allen J. T., Baldry I., Barnes L., Bauer A. E.,
Bland-Hawthorn J., Bloom J. V., Brooks A. M., Brough S., Cecil G., Couch W., Croton D., Davies R., Ellis S.,
Fogarty L. M. R., Foster C., Glazebrook K., Goodwin M., Green A., Gunawardhana M. L., Hampton E., Ho I.-T.,
Hopkins A. M., Kewley L., Lawrence J. S., Leon-Saval S. G., Leslie S., McElroy R., Lewis G., Liske J., López-
Sánchez Á. R., Mahajan S., Medling A. M., Metcalfe N., Meyer M., Mould J., Obreschkow D., O’Toole S., Pracy M.,
Richards S. N., Shanks T., Sharp R., Sweet S. M., Thomas A. D., Tonini C. and Walcher C. J.
Monthly Notices of the Royal Astronomical Society, 447, p.2857 (2015)
- I had substantial involvement in the upgrade of SAMI’s instrumentation and software. An
aspect of the upgrade mentioned in this paper was the use of polymer imaging bundles as
guide probes, detailed in Chapter 4 of this thesis.
6. The SAMI Galaxy Survey: Early Data Release
Allen J. T., Croom S. M., Konstantopoulos I. S., Bryant J. J., Sharp R., Cecil G. N., Fogarty L. M. R., Foster C.,
Green A. W., Ho I.-T., Owers M. S., Schaefer A. L., Scott N., Bauer A. E., Baldry I., Barnes L. A., Bland-Hawthorn J.,
Bloom J. V., Brough S., Colless M., Cortese L., Couch W. J., Drinkwater M. J., Driver S. P., Goodwin M., Gu-
nawardhana M. L. P., Hampton E. J., Hopkins A. M., Kewley L. J., Lawrence J. S., Leon-Saval S. G., Liske J., López-
Sánchez Á. R., Lorente N. P. F., McElroy R., Medling A. M., Mould J., Norberg P., Parker Q. A., Power C., Pracy M. B.,
Richards S. N., Robotham A. S. G., Sweet S. M., Taylor E. N., Thomas A. D., Tonini C. and Walcher C. J.
Monthly Notices of the Royal Astronomical Society, 446, p.1567 (2015a)
- I wrote parts of the PYTHON code that handles the flux calibration of SAMI data (in partic-
ular the telluric correction), and the base code for the SAMI Early Data Release Browser:
http://sami-survey.org/edr/browser.
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7. The SAMI Galaxy Survey: cubism and covariance, putting round pegs into square holes
Sharp R., Allen J. T., Fogarty L. M. R., Croom S. M., Cortese L., Green A.W., Nielsen J.,Richards S. N., Scott N., Tay-
lor E. N., Barnes L. A., Bauer A. E., Birchall M., Bland-Hawthorn J., Bloom J. V., Brough S., Bryant J. J., Cecil G. N.,
Colless M., Couch W. J., Drinkwater M. J., Driver S., Foster C., Goodwin M., Gunawardhana M. L. P., Ho I.-T.,
Hampton E. J., Hopkins A. M., Jones H., Konstantopoulos I. S., Lawrence J. S., Leslie S. K., Lewis G. F., Liske J.,
López-Sánchez Á. R., Lorente N. P. F., McElroy R., Medling A. M., Mahajan S., Mould J., Parker Q., Pracy M. B.,
Obreschkow D., Owers M. S., Schaefer A. L., Sweet S. M., Thomas A. D., Tonini C. and Walcher C. J.
Monthly Notices of the Royal Astronomical Society, 446, p.1551 (2015)
- I wrote parts of the PYTHON code that handles the "drizzle" algorithm in SAMI’s data re-
duction. This was also used to find the optimal dithering strategy during observations to
obtain the most even weight maps possible, yet minimise the retrievable size of the point
spread function.
8. The SAMI Galaxy Survey: the discovery of a luminous, low-metallicity H II complex in the
dwarf galaxy GAMA J141103:98-003242:3
Richards S. N., Schaefer A. L., López-Sánchez Á. R., Croom S. M., Bryant J. J., Sweet S. M., Konstantopoulos I. S.,
Allen J. T., Bland-Hawthorn J., Bloom J. V., Brough S., Fogarty L. M. R., Goodwin M., Green A. W., Ho I.-T.,
Kewley L. J., Koribalski B. S., Lawrence J. S., Owers M. S., Sadler E. M. and Sharp R.
Monthly Notices of the Royal Astronomical Society, 445, p.1104 (2014)
- Chapter 3 of this thesis.
9. Pre-thesis: On-Sky Demonstration of a Fluid Atmospheric Dispersion Corrector (FADC)
Zheng J., Saunders W., Lawrence J. S. and Richards S. N.
Publications of the Astronomical Society of Pacific, 125, p.183 (2013)
- This work was carried out prior to the start of this thesis. I assisted in the successful on-sky
demonstration of the FADCs at the AAT. These tests showed that the meniscus between two
immiscible oils held in a small container (1 cm3) can act as a gravity loaded prism to correct
for atmospheric dispersion.
10. Pre-thesis: The Sydney-AAO Multi-object Integral field spectrograph
Croom S. M., Lawrence J. S., Bland-Hawthorn J., Bryant J. J., Fogarty L. M. R., Richards S. N., Goodwin M., Far-
rell T., Miziarski S., Heald R., Jones D. H., Lee S., Colless M., Brough S., Hopkins A. M., Bauer A. E., Birchall M. N.,
Ellis S., Horton A., Leon-Saval S., Lewis G., López-Sánchez Á. R., Min S.-S., Trinh C. and Trowland H.
Monthly Notices of the Royal Astronomical Society, 421, p.872 (2012)
- This work was carried out prior to the start of this thesis, however it forms the foundation
of this thesis. The design, construction and commissioning of SAMI’s instrumentation and
software was the task set for my undergraduate placement year (2010-2011). SAMI rapidly
became an instrument desired to be used by both national and international astronomers. A
brief history of SAMI is provided in Chapter 1 of this thesis.
64
A.2 Papers as co-author
These papers are ones which I have authorship due to involvement in the foundation of their work.
In the case of SAMI Galaxy Survey papers, this is referred to as "builder status", in recognition of
the significant amount of time spent making SAMI possible.
0.1 The SAMI Galaxy Survey: The cluster redshift survey, target selection and cluster properties.
Owers M. S., Allen J. T., Baldry I., Bryant J. J., Cecil G. N., Cortese L., Croom S. M., Driver S. P., Fogarty L. M. R.,
Green A., Helmich E., de Jong J. T. A., Kuijken K., Mahajan S., McFarland J., Pracy M. B., Robotham A. G. S.,
Sikkema G., Sweet S., Taylor E. N., Verdoes Kleijn G., Bauer A. E., Bland-Hawthorn J., Brough S., Couch W.,
Davies R. L., Goodwin M., Kostantopoulos I. S., Foster C., Lawrence J. S., Lorente N. P. F., Medling A. M., Met-
calfe N., Richards S. N., Scott N., Shanks T., Sharp R. G. and Tonini C.
Monthly Notices of the Royal Astronomical Society, submitted – in review (2016)
0.2 The SAMI Galaxy Survey: understanding observations of large-scale outflows at low redshift
with EAGLE simulations
Bassett R., Bekki K., Cortese L., Couch W., Sansom A. E., van de Sande J., Foster C., Croom S. M., Brough S.,
Sweet S., Medling A. M., Owers M. S., Driver S. P., Davies R. L., Wong I., Bland-Hawthorn J., Richards S. N.,
Goodwin M., Kostantopoulos I. S. and Lawrence J. S.
Monthly Notices of the Royal Astronomical Society, submitted – in review (2016)
0.3 The SAMI Galaxy Survey: understanding observations of large-scale outflows at low redshift
with EAGLE simulations
Tescari E., Cortese L., Power C., Wyithe J. S. B., Ho I.-T., Crain R. A., Bland-Hawthorn J., Croom S. M., Kew-
ley L. J., Schaye J., Bower R. G., Theuns T., Schaller M., Barnes L., Brough S., Goodwin M., Gunawardhana M. L. P.,
Lawrence J. S., Leslie S. K., López-Sánchez Á. R., Lorente N. P. F., Medling A. M., Richards S. N., Sweet S. and
Tonini C.
Monthly Notices of the Royal Astronomical Society, submitted – in review (2016)
0.4 Using an Artificial Neural Network to Classify Multicomponent Emission Lines with Integral
Field Spectroscopic data from SAMI and S7
Hampton E. J., Medling A. M., Groves B., Kewley L. J., Dopita M., Davies R. L., Ho I.-T., Kaasinen M., Leslie S. K.,
Sharp R. G., Sweet S., Thomas A. D., Allen J., Bland-Hawthorn J., Brough S., Bryant J. J., Croom S. M., Goodwin M.,
Green A., Kostantopoulos I. S., Lawrence J. S., López-Sánchez Á. R., Lorente N. P. F., McElroy R., Owers M. S.,
Richards S. N. and Shastri P.
Monthly Notices of the Royal Astronomical Society, submitted – in review (2016)
1. The SAMI Galaxy Survey: Revisiting Galaxy Classification Through High-Order Stellar Kine-
matics
van de Sande J., Bland-Hawthorn J., Fogarty L. M. R., Cortese L., d’Eugenio F., Croom S. M., Scott N., Allen J. T.,
Brough S., Bryant J. J., Cecil G., Colless M., Couch W. J., Davies R., Elahi P. J., Foster C., Goldstein G., Goodwin M.,
Groves B., Ho I., Jeong H., Jones D. H., Konstantopoulos I. S., Lawrence J. S., Leslie S. K., Lopez-Sanchez A. R.,
McDermid R. M., McElroy R., Medling A. M., Oh S., Owers M. S., Richards S. N., Schaefer A. L., Sharp R.,
Sweet S. M., Taranu D., Tonini C., Walcher C. J., Yi S. K.
Monthly Notices of the Royal Astronomical Society, accepted (2016)
2. LZIFU: an emission-line fitting toolkit for integral field spectroscopy data
Ho I.-T., Medling A. M., Groves B., Rich J. A., Rupke D. S. N., Hampton E., Kewley L. J., Bland-Hawthorn J.,
Croom S. M., Richards S. N., Schaefer A. L., Sharp R. and Sweet S. M.
Astrophysics and Space Science, 361, p.280 (2016a)
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3. The SAMI Galaxy Survey: Galaxy Interactions and Kinematic Anomalies in Abell 119
Oh S., Yi S. K., Cortese L., van de Sande J., Mahajan S., Jeong H., Sheen Y.-K., Allen J. T., Bekki K., Bland-
Hawthorn J., Bloom J. V., Brough S., Bryant J. J., Colless M., Croom S. M., Fogarty L. M. R., Goodwin M.,
Green A., Konstantopoulos I. S., Lawrence J., López-Sánchez Á. R., Lorente N. P. F., Medling A. M., Owers M. S.,
Richards S. N., Scott N., Sharp R. and Sweet S. M.
Monthly Notices of the Royal Astronomical Society, 832, p.69 (2016)
4. The SAMI Galaxy Survey: the link between angular momentum and optical morphology
Cortese L., Fogarty L. M. R., Bekki K., van de Sande J., CouchW., Catinella B., Colless M., Obreschkow D., Taranu D.,
Tescari E., Barat D., Bland-Hawthorn J., Bloom J. V., Bryant J. J., Cluver M., Croom S. M., Drinkwater M. J.,
d’Eugenio F., Kostantopoulos I. S., López-Sánchez Á. R., Mahajan S., Scott N., Tonini C., Wong O. I., Allen J. T.,
Brough S., Goodwin M., Green A., Ho I.-T., Kelvin L. S., Lawrence J. S., Lorente N. P. F., Medling A. M., Ow-
ers M. S., Richards S. N., Sharp R. G. and Sweet S.
Monthly Notices of the Royal Astronomical Society, 463, p.170 (2016)
5. The SAMI Galaxy Survey: extraplanar gas, galactic winds and their association with star
formation history
Ho I.-T., Medling A. M., Bland-Hawthorn J., Groves B., Kewley L. J., Kobayashi C., Dopita M. A., Leslie S. K.,
Sharp R., Allen J. T., Bourne N., Bryant J. J., Cortese L., Croom S. M., Dunne L., Fogarty L. M. R., Goodwin M.,
Green A. W., Konstantopoulos I. S., Lawrence J. S., Lorente N. P. F., Owers M. S., Richards S. N., Sweet S. M.,
Tescari E. and Valiante E.
Monthly Notices of the Royal Astronomical Society, 457, p.1257 (2016b)
6. The SAMI Pilot Survey: stellar kinematics of galaxies in Abell 85, 168 and 2399
Fogarty L. M. R., Scott N., Owers M. S., Croom S. M., Bekki K., Houghton R. C. W., van de Sande J., D’Eugenio F.,
Cecil G. N., Colless M. M., Bland-Hawthorn J., Brough S., Cortese L., Davies R. L., Jones D. H., Pracy M., Allen J. T.,
Bryant J. J., Goodwin M., Green A. W., Konstantopoulos I. S., Lawrence J. S., Lorente N. P. F., Richards S. N. and
Sharp R. G.
Monthly Notices of the Royal Astronomical Society, 454, p.2050 (2015)
7. The SAMI Galaxy Survey: unveiling the nature of kinematically offset active galactic nuclei
Allen J. T., Schaefer A. L., Scott N., Fogarty L. M. R., Ho I.-T., Medling A. M., Leslie S. K., Bland-Hawthorn J.,
Bryant J. J., Croom S.M., GoodwinM., Green A.W., Konstantopoulos I. S., Lawrence J. S., OwersM. S.,Richards S. N.
and Sharp R.
Monthly Notices of the Royal Astronomical Society, 451, p.2780 (2015b)
8. The SAMI Pilot Survey: the fundamental and mass planes in three low-redshift clusters
Scott N., Fogarty L. M. R., Owers M. S., Croom S. M., Colless M., Davies R. L., Brough S., Pracy M. B., Bland-
Hawthorn J., Jones D. H., Allen J. T., Bryant J. J., Cortese L., Goodwin M., Green A. W., Konstantopoulos I. S.,
Lawrence J. S., Richards S. N. and Sharp R.
Monthly Notices of the Royal Astronomical Society, 451, p.2723 (2015)
9. The SAMI Galaxy Survey: shocks and outflows in a normal star-forming galaxy
Ho I.-T., Kewley L. J., Dopita M. A., Medling A. M., Allen J. T., Bland-Hawthorn J., Bloom J. V., Bryant J. J.,
Croom S. M., Fogarty L. M. R., GoodwinM., Green A.W., Konstantopoulos I. S., Lawrence J. S., López-Sánchez Á. R.,
Owers M. S., Richards S. N. and Sharp R.
Monthly Notices of the Royal Astronomical Society, 444, p.3894 (2014)
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10. The SAMI Galaxy Survey: Toward a Unified Dynamical Scaling Relation for Galaxies of All
Types
Cortese L., Fogarty L. M. R., Ho I.-T., Bekki K., Bland-Hawthorn J., Colless M., Couch W., Croom S. M., Glaze-
brook K., Mould J., Scott N., Sharp R., Tonini C., Allen J. T., Bloom J., Bryant J. J., Cluver M., Davies R. L., Drinkwa-
ter M. J., Goodwin M., Green A., Kewley L. J., Kostantopoulos I. S., Lawrence J. S., Mahajan S., Medling A. M.,
Owers M., Richards S. N., Sweet S. M. and Wong O. I.
The Astrophysical Journal Letters, 795, L.37 (2014)
11. The SAMI Pilot Survey: the kinematic morphology-density relation in Abell 85, Abell 168 and
Abell 2399
Fogarty L. M. R., Scott N., Owers M. S., Brough S., Croom S. M., Pracy M. B., Houghton R. C. W., Bland-Hawthorn J.,
Colless M., Davies R. L., Jones D. H., Allen J. T., Bryant J. J., Goodwin M., Green A. W., Konstantopoulos I. S.,
Lawrence J. S., Richards S. N., Cortese L. and Sharp R.
Monthly Notices of the Royal Astronomical Society, 443, p.485 (2014)
12. Pre-thesis: First Science with SAMI: A Serendipitously Discovered Galactic Wind in ESO
185-G031
Fogarty L. M. R., Bland-Hawthorn J., Croom S. M., Green A. W., Bryant J. J., Lawrence J. S., Richards S. N.,
Allen J. T., Bauer A. E., Birchall M. N., Brough S., Colless M., Ellis S. C., Farrell T., Goodwin M., Heald R.,
Hopkins A. M., Horton A., Jones D. H., Lee S., Lewis G., López-Sánchez Á. R., Miziarski S., Trowland H., Leon-
Saval S. G., Min S.-S., Trinh C., Cecil G., Veilleux S. and Kreimeyer K.
The Astrophysical Journal, 761, p.169 (2012)
A.3 SPIE conference proceedings
The conference proceedings of SPIE (formerly "Society of Photo-Optical Instrumentation Engi-
neers", officially now just "SPIE") are classically seen as the industry publishing standard for
astronomical instrumentation. Although the articles do not undergo a refereeing process, they are
vetted by a scientific organising committee particular to the type of article. A brief statement of
my involvement is provided with each article.
1. Adaptive optics on-sky demonstrator for the Anglo-Australian Telescope
Goodwin M., Zheng J., Lawrence J. S., Richards S. N., Arriola A., Cvetojevic N., Gross S. and Norris B.
Proceedings of the SPIE, 990933 (2016)
- Assistance in the development of the optical design & software control, and the on-sky
demonstration at the AAT.
2. Efficient coupling of starlight into single mode photonics using Adaptive Injection (AI)
Norris B., Cvetojevic N., Gross S., Arriola A., Tuthill P., Lawrence J. S., Richards S. N., Goodwin M., Zheng J.
Proceedings of the SPIE, 99085E (2016b)
- Assistance in the on-sky demonstration at the AAT.
3. An integrated-optic single-mode photonic nuller: development and on-sky testing
Norris B., Cvetojevic N., Gross S., Arriola A., Tuthill P., Lawrence J. S., Withford M., Richards S. N., Goodwin M.,
Zheng J.
Proceedings of the SPIE, 9908 (2016a)
- Assistance in the on-sky demonstration at the AAT.
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4. Miniaturized Shack-Hartmann wavefront sensors for Starbugs
Goodwin M., Richards S. N., Zheng J., Lawrence J., Leon-Saval S., Argyros A. and Alcalde B.
Proceedings of the SPIE, 91514T (2014)
- Design and development of the wavefront sensors utilising polymer imaging bundles. De-
tailed in Chapter 4 of this thesis.
5. A miniature curvature wavefront sensor with coherent fiber image bundle
Zheng J., Richards S. N., Goodwin M., Lawrence J., Leon-Saval S. and Argyros A.
Proceedings of the SPIE, 91482E (2014a)
- Design and development of the wavefront sensors utilising polymer imaging bundles. De-
tailed in Chapter 4 of this thesis.
6. Image quality analysis of a fluid atmospheric dispersion corrector
Zheng J., Lawrence J., Saunder W., and Richards S. N.
Proceedings of the SPIE, 91511N (2014b)
- Assistance in the laboratory and on-sky demonstrations of the FADCs.
7. Towards a spectroscopic survey of one hundred thousand spatially resolved galaxies with Hec-
tor
Lawrence J. S., Bland-Hawthorn J., Brown D., Bryant J. J., Cecil G., Content R., Croom S., Gers L., Gillingham P. R.,
Richards S. N., Saunders W. and Staszak N.
Proceedings of the SPIE, 91476Y (2014a)
- Assistance in the design of a compact spectrograph that makes use of novel curved volume-
phased holographic gratings.
8. TAIPAN: optical spectroscopy with Starbugs
Kuehn K., Lawrence J., Brown D. M., Case S., Colless M., Content R., Gers L., Gilbert J., Goodwin M., Hopkins A. M.,
Ireland M., Lorente N. P. F., Muller R., Nichani V., Rakman A., Richards S. N., Saunders W., Staszak N. F., Tims J.
and Waller L. G.
Proceedings of the SPIE, 914710 (2014)
- Assistance in the on-going development of Starbugs, including an on-sky demonstration at
the 1:2m UKST.
9. The MANIFEST fibre positioning system for the Giant Magellan Telescope
Lawrence J. S., Brown D. M., Brzeski J., Case S., Colless M., Farrell T., Gers L., Gilbert J., Goodwin M., Jacoby G.,
Hopkins A. M., IrelandM., Kuehn K., Lorente N. P. F., Miziarski S., Muller R., Nichani V., Rakman A.,Richards S. N.,
Saunders W., Staszak N. F., Tims J., Vuong M. and Waller L.
Proceedings of the SPIE, 914794 (2014b)
- Assistance in the on-going development of Starbugs, including an on-sky demonstration at
the 1:2m UKST, which is a critical pathfinder technology for the 25:4m Giant Magellan
Telescope’s MANIFEST instrument.
10. PIMMS échelle: the next generation of compact diffraction limited spectrographs for arbitrary
input beams
Betters C. H., Leon-Saval S. G., Bland-Hawthorn J., Richards S. N., Birks T. A. and Gris-Sánchez I.
Proceedings of the SPIE, 91471I (2014)
- Assistance in the on-sky demonstration at the 1:2m UKST.
11. Pre-thesis: BASIS: Bayfordbury single-object integral field spectrograph
Richards S. N., Martin W., Campbell D., Jones H., Bland-Hawthorn J., Lawrence J., Brinks E., Bryant J. J., Fogarty L.,
Gallaway M., Goodwin M., Leon-Saval S., Sarzi M. and Smith D. J.
Proceedings of the SPIE, 84462B (2012)
- Undergraduate project where I designed, developed and commissioned a cheap, optical fibre
based integral-field spectrograph on a 16 inch telescope for teaching purposes.
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A.4 Published codes
The codes below have been "published" by The Astrophysics Source Code Library (ASCL), which
is a free online registry for source codes of interest to astronomers and astrophysicists that have
been used in research that has appeared in peer-reviewed publications.
1. LZIFU: IDL emission line fitting pipeline for integral field spectroscopy data
Ho I.-T., Medling A. M., Groves B., Rich J. A., Rupke D. S. N., Hampton E., Kewley L. J., Bland-Hawthorn J.,
Croom S. M., Richards S. N., Schaefer A. L., Sharp R. and Sweet S. M.
Astrophysics Source Code Library, record ascl:1607.018 (2016)
- I assisted in the optimisation of the pipeline, in particular its treatment with stellar models
and polynomials.
2. SAMI: Sydney-AAO Multi-object Integral field spectrograph pipeline
Allen J. T., Green A. W., Fogarty L. M. R., Sharp R., Nielsen J., Konstantopoulos I., Taylor E. N., Scott N., Cortese L.,
Richards S. N., Croom S., Owers M. S., Bauer A. E., Sweet S. M. and Bryant J. J.
Astrophysics Source Code Library, record ascl:1407.006 (2014)
- I wrote parts of the PYTHON data reduction code that deals with flux calibration (telluric
correction), drizzle method, and ancillary data. I also wrote PYTHON code to be used during
observing that visually displays the raw data of the hexabundles for field acquisition, and
the telescope focus scripts.
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